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Abstract

Virtual assistants like Alexa, Siri, and Al chatbots are widely used for managing routine
tasks but are often seen as tools rather than companions. These systems typically do
not support users’ basic psychological needs, which limits engagement. This research,
grounded in Self-Determination Theory (SDT), explores how digital companions can be
designed to support autonomy, competence, and relatedness. The work investigates: (a)
how companion systems can empower users by meeting psychological needs, (b) which
features are perceived as companion traits, and (c) what design guidelines can help build
systems that support user well-being. Using a mixed-methods approach, we evaluate
proactive and reactive companion systems across case studies in training and skill building,
information access, and digital well-being. Proactive systems like AR/VR companions
and muscle stimulation feedback supported learning and collaboration, while reactive
systems like a lockable phone box fostered user control and self-reflection. Autonomy is
reinforced through clear opt-out mechanisms, adjustable boundaries, and non-intrusive
nudges. Competence is supported through tailored feedback, repeatable task structures,
and physical guidance. Relatedness is enhanced through dialogue, social accountability,
and shared narratives. The dissertation provides future system designers and researchers
with actionable guidelines for the design of companion technologies based on empirical
research. Companion technologies should be adaptable, unobtrusive, and responsive to
diverse user preferences for meaningful interaction. It contributes to the understanding of
how technologies can act as great partners, addressing not only functional needs but also
psychological well-being. It also calls for further research into long-term user interactions,
cultural differences in technology use, and the integration of Al capabilities.
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CHAPTER

Introduction

The desire for companionship is a fundamental aspect of human nature. The necessity
for companionship is not merely a matter of survival, rather, it is an essential factor in
the emotional and psychological well-being of individuals. As human society evolved,
the concept of companionship manifested in various forms, including friendship, family
relationships, romantic relationships, and spiritual connections. Literary, religious,
and philosophical discourses have articulated their perspectives on the importance of
meaningful companionship. An example of this can be observed in the religious text of
the Bhagavad Gita, which dates back over two thousand years. In this text, Krishna acts
as Arjuna’s charioteer, friend, and spiritual guide and demonstrates how the concept of
true companionship is grounded in the provision of support, guidance, and trust.

In the 21st century, the concept of companionship has been transformed. The rise of
technology has undeniably expanded the domain of companionship to encompass novel
forms of interaction. Virtual assistants like Alexa and Siri, Al-powered chatbots, and
social robots are just a few examples of this. There was a notable increase in digital
engagement among consumers in 2023, with a 6.5% surge observed in comparison to the
previous year '. Even the smartphone is perceived as a companion, often representing
one of the strongest and longest relationships individuals have with technology today
ﬂm. In the period between 2022 and 2024, global usage of voice assistants saw
a considerable increase, with the number of digital voice assistants deployed in use
growing from 4.4 million to 8.4 billion over the course of two years 2. It is increasingly
common for people to live with a smart speaker, and there is a growing tendency among
some to criticize other users for not treating the device with kindness [SSFHIS]. These
assistants are particularly adept at assisting individuals in the management of their
daily routines, including the setting of reminders, playing music, making calls, alarms,

"https:/ /www.pymnts.com/connectedeconomy /2023 /consumers-digital-engagement-grew-6-5-as-
network-effect-kicks-in/ —Accessed Dec 2024
Zhttps: //www.astuteanalytica.com/industry-report/voice-assistant-market —Accessed Dec 2024
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1.

INTRODUCTION

and calendar events, controlling smart home devices, and answering factual queries by
accessing internet-based information. They facilitate the completion of tasks such as
the provision of weather updates or news briefings, thereby offering convenience with
minimal effort. These companions have not only affected the way people live but also the
way people work by assisting people not only in personal but also in professional daily
tasks. Assistants like Microsoft Cortana and Slackbot streamline routine tasks, boosting
productivity. They are capable of managing calendars, sending reminders, automating
workflows, and providing quick access to relevant information. They can provide users
with a sense of companionship through their consistent presence and ability to perform
helpful tasks on demand.

Digital innovation in industry and the new ways of human-machine interaction are creating
proactive machines that are becoming more than just basic tools, they are becoming smart,
integrated companions [RB02, m Digital assistants are becoming increasingly
prevalent in the workplace, assisting with manual tasks (e.g., industrial robots) and
cognitive processes, such as those involved in software development. Also, the concept
of Robot Companions has emerged as a paradigm in the field of cognitive robotics
[ARARUT11, DWK™05, MEG™04]. These assistant systems can now mimic human
communication patterns through advancements in natural language processing (NLP)
and are capable of responding in conversational, human-like ways. As knowledge workers
are confronted with an ever-increasing volume of information on a daily basis, there is
a growing necessity to develop companion technologies that can alleviate the burden
of information overload and facilitate the process of sense-making [GF16]. Companion
technologies have the potential to enhance the manner in which users procure information,
thereby contributing to enhanced efficiency and well-being amongst users, for example,
IBM’s Watson Health assists doctors by quickly analyzing vast amounts of medical
literature and patient data to provide diagnostic recommendations [AM17]. Consequently,
such systems may be conceived of as cooperative partners [Grul8] that interact with the
human knowledge worker in order to address the increasing complexity of organizational
and administrative matters [ME14] (e.g. the need for constant availability).

The term companion has been around for almost two decades now [BB14], which leads
us to think precisely about what constitutes a "digital companion.” There have been
several research efforts aimed at defining and conceptualizing digital companion systems
[PFL19, INCBI18, [Say20]. The absence of a standardized definition is indicative of the
broad and evolving nature of these systems, which can vary widely in terms of functionality,
design, and purpose. In general terms, a digital companion can be defined as a software-
based entity that interacts with humans through digital platforms, offering personalized
assistance, support, and companion characteristics. The most prominent work in this field
is that of Wilks [Willl], where the term "companion" refers to conversational software
agents designed to accompany users over extended periods of time. In this dissertation,
we adhere to the explanation of a companion system as a technical system that exhibits
the so-called companion characteristics, namely competence, adaptability, availability,
cooperativeness, and trustworthiness [BWI17]. These characteristics are implemented
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through the interplay of cognitive processes based on perception, planning, reasoning, and
interaction capabilities. The processes involve the perception and modeling of the user and
the environment, the assessment of the overall situation, and the communication in open
dialogues, exhibiting multi-modal behavior by selecting appropriate media, interaction,
and dialogue strategies. For example, in the field of robot companions, Forlizzi et al.
(2006) [FDO6] and Beetz et al. (2008) [BSRF08|] presented robots for household tasks
like vacuum cleaning and assistive kitchens. Robots such as "Paro," a therapeutic seal
for psychological therapy [WS07, WSMEKOS|, and other robots [PMP*03| that provide
guidance or reminders to elderly users. Particularly relevant in elderly care for emergency
alerts and tailored assistance [ACCT13] and [GZ09], environments monitor residents,
assist with daily tasks, and can adapt to multiple users’ needs and contexts. Features
such as adjusting seat positions or radio volume based on user preferences and emotional
states in a car could extend to autonomous cars, adapting routes and driving behavior
[WYHO3]. Systems like Emergency Landing Planner (ELP) assist pilots in emergencies
by factoring in variables such as weather conditions to make optimal decisions [MPSS09].
Not fully mediated by technology, people seek tools that empower them to make choices
and tailor their experiences to fit their individual needs.

Companions like Alexa can be conceived of as a social interface that employs "human-like
social cues and communication modalities" with the objective of facilitating interactions
with individuals. Its operational model is that of a "shallow" social representation of
an individual [Bre03]. In the context of developing conversational agents, Cassell et
al. (2000) identified several system requirements, including the ability to
recognize verbal and non-verbal input, the ability to generate verbal and non-verbal
output, and the capacity to support conversational norms (e.g., turn-taking, feedback).
The conversational functions of Alexa are constrained and do not fully align with these
requirements. Alexa currently lacks the capacity to learn and does not possess any
intrinsic objectives beyond the task it is instructed to perform by its users. This reveals
a gap in understanding how to design generalizable, psychologically attuned digital
companions. In addition to one’s personal life, for one’s professional life, according to the
Joint Research Centre report 2024, EU workers reported feeling under-skilled when using
new technologies, a clear indicator that many tools are not designed with user competence
in mind Pl The design of companion technology must take into account not only the user
experience but also the user’s confidence in their ability to develop competence. Also,
technologies that focus solely on task completion rather than enhancing interpersonal
connections fail to meet users’ need for relatedness. This prompts the formulation of our
first research question - RQ1: how can digital companion systems be designed to
empower users with control (autonomy), help them develop skills, and foster
a sense of capability (competence) and connection (relatedness)?

There are diverse one-off case studies that employ companion technologies for particular
demographic groups, for specific use cases, for example, a smart conversational agent

3https:/ /joint-research-centre.ec.europa.eu/jre-news-and-updates/understanding-workers-
participation-digital-skills-training-2024-03-21__en —Accessed Dec 2024
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1.

INTRODUCTION

to assist older adults in the reminiscence process [NCB18§|, a digital companion for air
travelers [GDSM20], which uses semantic technologies and speech recognition to enhance
their airport experience, or a digital agent that can support individuals experiencing
stress-related exhaustion in managing their daily activities [JL19]. However, mainstream
companion technologies like Siri and Alexa, designed for a broader audience, unfortunately,
provide their functionality in a highly uniform manner, highlighting the gap between
tailored, context-aware companions vs generalized smart assistants. The system does not
differentiate between user types or individual users, regardless of their experience with
the system or the specific function they require. The obstacles to comprehensive use of
these innovative products and services also vary depending on the user, the situation,
and the system in question. With many off-the-shelf virtual assistant devices, users are
left with no alternative but to explore the system’s functionalities independently. This
can impede the user experience, cause frustration, and foster a bad attitude towards
technology, which may ultimately result in a loss of interest in continuing to use the
system or using it in a very limited capacity, and may also lead to the user not considering
the system a companion. This leads us to our second research question - RQ2: what are
the characteristics offered by the technology that is perceived as "companion"
characteristics? It is an important aspect of designing systems that are partners with
people, not just tools.

Design approaches in digital technology have shifted significantly over time. In the 1980s,
the emphasis was on task efficiency, later expanding in the 1990s to include usability,
guided by experimental methods focused on cognition and perception. In the 2000s, as
technology became more wearable and embodied, designers began considering social and
cultural contexts. The focus moved toward user experience (UX), centering the human
rather than the machine, and highlighting emotion, enjoyment, and meaning-making
[Has10l [Nor14]. Researchers drew on ethnography [Suc87], phenomenology [Dou01]], and
emotion psychology to better understand these experiences. As technologies have
become ubiquitous and increasingly automated, we are in the midst of an explosion of
interest in the psychological impact of technology design. This pivot is going in two
directions, with those interested in harnessing this impact (e.g., through motivational
design and behavior change) and those affected by it (e.g., through manipulation, attention
hijacking, etc.). Fueled by rapid advances in companion technology, there is now a growing
recognition that people have a right to digital experiences that support, rather than
hinder, their goals, values, and psychological needs. The evokes specific psychological
responses and expectations among its users, particularly in the context of their social
interactions [NST94]. Designers and developers of companion technologies need to ensure
that they play the right roles and contribute to users’ productivity and well-being.
Therefore, we propose that a need fulfillment perspective can be an inspiring lens for
companion design.

This dissertation is grounded in Self-Determination Theory (SDT) [DROS§]|, which identifies
autonomy, competence, and relatedness as key psychological needs for intrinsic motivation.
The aim of this work is to design digital companion systems that support these needs.
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1.1. Research Questions

Building on existing literature and empirical research, multiple case studies were conducted
across different domains. These systems combine proactive and reactive features and
employ various modalities (auditory, visual, haptic) to support meaningful human-
machine collaboration. By exploring the user perspective, insights are gained on how
companion technologies can be best designed. The data gathered is then synthesized
and reflected upon, with implications, limitations, and suggestions. For RQ3, we
present design guidelines to support researchers and practitioners in creating
technologies that meet users’ psychological needs and are experienced as
genuine companions.

1.1 Research Questions

The preceding research questions are investigated in this dissertation (refer to Table
1.1). RQ1’s aim is to provide a more nuanced comprehension of the design of companion
systems, drawing upon existing theories pertaining to psychological needs and well-being,
in combination with the design and testing of interaction techniques through a case
study approach. This has enabled us to investigate the characteristics and parameters
that facilitate the relationship between individuals and technology. In addressing RQ2,
the objective is not merely to reflect on the feasibility of utilizing the technology and
the modalities of interaction within a specific context. Rather, we seek to extend the
understanding to provide insights into potential avenues for the design of future systems
to better serve as a companion. Ultimately, for RQ3 the investigation informs the
development of guidelines for the design and development of companion technologies,
ensuring that the resulting solutions align with the psychological needs of users.

Table 1.1: Summerized Research Questions.

No. Research Question

RQ1 How can digital companion systems be designed to enhance autonomy,
competence, and relatedness in user interactions?

RQ2 What are the defining characteristics that enable individuals to perceive
technology or artifacts as a "companion"?

RQ3 Which guidelines can be derived for the design and development of compan-
ion technologies to ensure alignment with user psychological needs?

1.2 Methodology

Our research is grounded in human-centered design and evaluation methodologies
[LFHI7, [Fie02]. Throughout this work, we iteratively design the companion systems,
tackling a specific application scenario, with the design process involving consideration
of parameters related to autonomy, competence, and relatedness, comparison between
feedback modalities, and assessment of user perception and performance through user
studies. This approach enables the accumulation of knowledge and the derivation of
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INTRODUCTION

insights, which in turn informs the development of guidelines. Both subjective and
objective data are collected and recorded. A mixed-method approach is employed [Leel9)|,
combining both qualitative and quantitative research methods. The efficacy of this
approach lies in its ability to provide a more comprehensive understanding of the research
problem by capturing both the breadth of data through quantitative analysis and the
depth of insights through qualitative exploration. By a combination of data from multiple
sources, the mixed-method approach enhances the validity and robustness of our findings.

MIXED METHOD RESEARCH APPROACH

Multifaceted perspective
In our series of studies, we . -
employed both qualitative and Proactive Professional Training
quantitative research methodo- and Work Safety Companion
logies to yleld a comprehensive
understanding.

Proactive
Digital Detox Companion

Autonomy Competence Relatedness
L @ .
The need to feel in control of The need to gain mastery of tasks The need to feel a sense of belonging
one’s own behaviors and goals. and learn different skills. and attachment.

Reactive
Informational Companion

Reactive
Digital Detox Companion

Figure 1.1: Case studies domains linked to the SDT aspects.

We developed and examined companion systems for applications such as professional
training, information gathering, and digital detox, as illustrated in Figure 1.1l The design
of companions incorporates both proactive and reactive features (detailed information on
the definitions of these terms can be found in Section [2.1L In the realm of professional
training and work safety, studies investigate the effectiveness of companion technologies
with VR and AR, with a focus on enhancing user autonomy and competence. The digital
detox category explores interventions ranging from digital nudges to smartwatches and
tangible devices, all aimed at reducing digital addiction and fostering self-regulation. We
designed informational companion systems that delve into interactive digital narratives
with the objective of promoting a cause or raising awareness and encouraging action.
These systems emphasize the concepts of autonomy, competence, and relatedness. Metrics
such as task performance, engagement, and user perception were operationalized through
a combination of survey instruments (e.g., Likert-scale responses), behavioral data (e.g.,
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1.3. Research Contribution

usage logs, interaction patterns), outcome-based measures (e.g., task accuracy or time
on task), as well as qualitative methods such as interviews and diary studies to capture
in-depth insights.

1.3 Research Contribution

In addressing the research questions posed, this dissertation makes contributions in two
main established areas.

1.3.1 Theoretical Contribution

The traditional user experience frameworks often neglect the motivation and well-being
aspects of companion interaction, focusing primarily on functionality. By applying SDT
principles, this research aims to bridge this gap and create companion technologies
that foster meaningful engagement. We examine the impact of SDT principles on user
experiences across a range of companion technologies, both proactive and reactive. We
explore how design features can enhance autonomy by providing users with control over
their interactions, fostering competence through structured learning opportunities and
feedback mechanisms, and promoting relatedness by incorporating novel interactions. This
dissertation makes a novel theoretical contribution through its 12 design guidelines, derived
from the empirical work. These guidelines are of substantial value to researchers, designers,
behavioral psychologists, and developers in the creation of companion technologies
that address user needs, enhance usability, and promote engagement across a range of
applications.

1.3.2 Artifacts Contribution

Figure |1.2| presents all the prototypes created for this dissertation.
Professional Training and Work Safety Companion:

VR Training Companion System: This prototype was designed for knowledge
transfer in electrical engineering and medical training. The companion system uses virtual
reality (VR) to create immersive training environments. For the electrical engineering
training, the VR environment simulates a flat where trainees perform tasks like checking
the fuse box and using a voltage tester. In the medical training, participants practiced
procedures like wound dressing and medicine administration using a VR companion.

SkillLab AR-based Craft-work Learning Companion: This prototype utilizes
augmented reality (AR) and electrical muscle stimulation (EMS) to support learning
craft-work skills, specifically floor lamination. Users wear Microsoft Hololens, which
provides AR guidance overlaid in the real world, while EMS provides haptic feedback
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Figure 1.2: Overview of prototypes developed for this dissertation.

to guide their movements. The companion system uses a Structure-Behavior-Function
framework to present information and offers scaffolding techniques to support learning.

Teleoperation Companion: This prototype explores the use of EMS to enhance
the teleoperation of robots, particularly for obstacle avoidance. Users control a robot arm
in VR while receiving haptic feedback through EMS when the robot is near an obstacle.

Digital Detox Companion:

Nudgit Companion: This prototype uses digital nudges to reduce online news
consumption. It presents users with a limited feed of news articles selected based on
their preferences. Additionally, the prototype incorporates three types of nudges: content
filtering to hide negative news, contextual interruption to promote awareness of usage
patterns, and social comparison to showcase peers’ behaviors.

Watchful Detox Companion: This prototype explores smartwatch-based inter-
ventions to promote digital well-being. The prototype leverages smartwatch functionalities
such as heart rate monitoring and sleep tracking to provide users with insights into
their smartphone usage patterns. It also provides features that centralize access to time
and notifications on the smartwatch, reducing the need to interact directly with the
smartphone.
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Mindful Box Companion: This is a tangible prototype designed to encourage
mindful smartphone usage and reduce screen time. The prototype consists of a physical
chest that users can lock their smartphone or tablet in. The chest utilizes solenoid locks
controlled by a microcontroller, and users can set time limits through an app interface
on a tablet embedded within the chest. It incorporates additional features like gentle
wake-up support and meditation assistance to promote a positive user experience.

Informational Companion:

MapGPT Companion: This prototype utilizes Large Language Models (LLMs)
to facilitate natural language interactions with Geographic Information System (GIS)
applications. Users can query the system using natural language instead of complex logical
queries, making GIS applications more accessible to novice users. MapGPT incorporates
domain knowledge from the GIS database and utilizes the OpenAl Assistants API to
process user queries and generate responses.

Carbon Rebellion Companion: This prototype employs data-driven narratives
to educate individuals about climate change and encourage climate action. The prototype
features an interactive narrative where players make choices that impact a virtual CO2
meter, representing Austria’s carbon footprint. The narrative highlights the communal
impact of individual choices and encourages players to reflect on their role in climate
change mitigation.

1.3.3 Empirical Contributions

To illustrate the breadth of empirical work, this dissertation presents a series of case
studies spanning domains such as professional training, digital well-being, and information
access. A synopsis of the methodological approaches and SDT dimensions addressed
across these studies is provided in Table |1.2.

1.4 Dissertation Outline

This dissertation is made up of eight chapters divided into four parts. Figure |1.3| depicts
the interplay between the different parts:

Part I: Introduction and Background

Chapter 1 - Introduction: The first chapter of this dissertation introduces and
motivates the topic, accompanied by a description of the methodology employed. The
contribution is also outlined and a brief overview of the structure of the dissertation is
given.

11
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Chapter 2 - State of the Art: This chapter presents an overview of the current
landscape of companion technologies, defines the characteristics of proactive and reactive
systems, examines their role in supporting users, and identifies the limitations of the
current approaches. It presents a comprehensive examination of the influence of psycho-
logical principles on interface design and provides a brief overview of how the metrics
and evaluation methods employed in prior research have been adapted or expanded upon
in this dissertation to assess the impact of SDT principles in companion technology.

Part II: Proactive Companions

Chapter 3 - Professional Training and Work Safety Companion: This
chapter explores the application of companion technology in professional training and
work safety. It presents three case studies: Professional VR training companion, SkillL.ab
companion, and SkillLab companion.

Chapter 4 - Digital Detox Companion: This chapter focuses on the use of
companion technology for digital detox and promoting well-being. It presents two
companions: Nudgit Companion and Watchful Detox. These companions explore the use
of digital nudges to reduce online news consumption and promote mindful smartphone
usage.

Part III: Reactive Companions

Chapter 5 - Informational Companion: This chapter examines the design
and evaluation of informational companions. It presents two companions: MapGPT
Companion and Carbon Rebellion Companion. MapGPT uses LLMs to facilitate natural
language interactions with GIS, while Carbon Rebellion employs data-driven narratives
to educate individuals about climate change.

Chapter 6 - Digital Detox Companion: This chapter introduces a tangible
opt-out solution, the Mindful Box, designed to encourage mindful smartphone usage and
reduce screen time. It discusses the chest’s features, including locking mechanisms and
additional functionalities like gentle wake-up support and meditation assistance.

Part IV: Synthesis and Conclusion

Chapter 7 - Synthesis and Reflection: This chapter synthesizes the findings
from the previous chapters, drawing connections between user experiences and the
principles of SDT. It discusses the impact of companion technology on user autonomy,
competence, and relatedness in both proactive and reactive systems. This chapter sets
forth action-oriented guidelines.
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.

Figure 1.3: This chart illustrates the flow of chapters and their contributions to the

research questions.

Chapter 8 - Conclusion:

This chapter summarizes the key findings of the dis-

sertation and restates its contributions to the field of companion technology design. It
also outlines directions for future research, including exploring the evolution of user
relationships with companion technologies, and expanding their application into new

domains.

13
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1. INTRODUCTION
Table 1.2: Summary of Empirical Contributions
SDT .
Case Study Methods Used . R Key Insights
Dimensions
Professional Workshops, Autonomy;, Enabled self-directed
Training Observations, Competence exploration and
Companion Semi-structured practice, boosting
Interviews motivation and skill
confidence.
SkillLab Lab Study, Autonomy;, Provided embodied,
Companion Semi-structured Competence real-time feedback
interviews while preserving user
agency, enhancing
learning and
confidence.
Teleoperation Lab Study, Survey Autonomy, Supported shared
Companion Competence control improving
competence and
collaboration between
human and
companion.
Nudgit Lab Study, Surveys Autonomy, Enabled intentional
Companion Competence, digital media use
Relatedness through personalized
nudges, supporting
self-regulation.
Watchful Detox  Field Study, Usage Autonomy, Promoted awareness
Companion Tracking, Survey Competence and control over
digital habits,
reinforcing self-efficacy
and regulation.
MapGPT Lab Study, Surveys, Competence, Lowered complexity of
Companion Think-aloud Autonomy technical map-based
systems, empowering
users with confidence
and independence.
Carbon Lab Study, Autonomy, Encouraged reflection
Rebellion Interactive Narrative, Competence, and connection to
Companion Survey Relatedness collective causes
through emotionally
engaging narratives.
14 Mindful Box Field Study, Autonomy, Enabled goal setting
Companion Interviews, Usage Competence, and habit formation,
Logs Relatedness supporting user

control and capability
development.
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CHAPTER

Background

This chapter provides an overview of companion technologies, outlining the characteristics
of proactive and reactive systems with examples from prior work, and the limitations of
existing approaches. It explores the implications of psychological principles for interface
design and briefly summarizes how this dissertation contributes to existing work by
applying SDT principles to companion technology.

2.1 Proactive and Reactive Companion Technology

Companion technology is transitioning from basic human-computer interactions to human-
companion relationships. The focus is now on designing technologies that go beyond
efficiency and usability [ZvdHETL6]. Instead of being seen as simple tools, these technolo-
gies are now seen as entities capable of social and emotional interaction [SGM21T], NW20].
This shift has been made possible by advances in speech and language technologies, the
semantic web, and systems that combine different modes of communication, leading to
intelligent and personalized interfaces that turn interactions into relationships [BM10].
Research emphasizes the creation of "digital companions" that help users form personal
connections and emotional bonds. A key challenge for designers is to move beyond
a focus on efficiency to include features such as personalization, memory cues, and
emotional connections [ZvdHE16]. Companion technology has been applied across a
range of domains. The most prominent application area is robotics and within this
domain, applications range from socially interactive systems such as bartender robots
that use AI planning and multimodal input to manage customer interactions [PE13],
to domestic service robots that assist users with daily tasks such as vacuuming [FDO6],
kitchen assistance [BSRT08], or more general household tasks. In healthcare and elder-
care, companion technology includes both mobile robotic platforms and embedded smart
devices [BHRF09]. Beyond robotic forms, non-anthropomorphic companion systems also
assist people with cognitive impairments or disabilities, such as devices that assist people

15
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with dementia with hand-washing routines [PHWHI14] or intelligent tools that help blind
users navigate their environment [DB09).

Intelligent environments and smart homes are another major application area. For
example, smart homes for patients can monitor movement patterns, detect emergencies,
and notify caregivers or emergency services when needed [RDNT02]. In the context of
driver assistance, modern vehicles equipped with companion like features adapt to driver
preferences, stress levels, and environmental conditions [WYHO03]. For example, systems
may adjust seat position or radio volume based on the user’s profile, or provide emotional
support by adjusting route choices based on the driver’s stress indicators. Public service
systems have also incorporated companion like functionality. One more example is an
adaptive ticket vending machine that uses sensors to interpret user behavior, such as
whether a person is distracted by a phone call or talking to another person [GHG¥15].
In such cases, the system avoids misinterpreting unrelated gestures or spoken language
as input. Personal digital companions and task planners are a growing area where
systems that help users set up home entertainment devices or manage the functionality
of smartphones are using Al planning and natural language generation to provide step-
by-step guidance and personalized explanations ﬂm HSW12].

Companion systems can be broadly categorized based on interaction style. At one end of
the spectrum are reactive companions, at the other, proactive. Proactive companions
are digital systems that aim to predict what users need and act on it without being
asked [GVM24]. They keep track of the user’s context, surroundings, and past behavior
to offer help or information at the right time [GMRC20]. For instance, a smart home
system might adjust the temperature based on weather and user habits, a digital assistant
could remind users about appointments by checking their calendar and travel plans, or a
fitness tracker might suggest workouts based on activity levels and goals. Spirig et al.
(2021) presented two expert digital companions for employees working in an office and a
shopfloor environment [SGM21], which take advantage of the following: the decoupling
that the W3C WoT Thing Description provides to interact with and control devices
and other tools, a Knowledge Graph to provide richer descriptions of elements in the
environment, computer vision to perceive the physical world and mixed reality as the
medium to deliver assistance to workers. Digital companions can range from being
fully reactive to highly proactive [ERMI1§|. Fully autonomous companions act on their
own without user input, often found in gaming environments where they enhance the
experience. Semi-autonomous companions strike a balance by letting users provide input
or set preferences while still taking proactive steps. Factors like the companion’s role,
the setting it’s used in, and user preferences help define the right balance between acting
on its own and waiting for user commands. While these systems can be helpful, they also
face challenges like predicting needs accurately, avoiding being intrusive, and ensuring
privacy and control [YSSMM12]. Proactive systems, while promising enhanced assistance,
raise concerns about user control. Users may feel uncomfortable with systems making

decisions autonomously [GMRC20)].

Reactive companions, on the other hand, only respond to specific requests or commands
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from users [GVM24]. They wait for input, then act or provide information as needed.
Examples include a digital assistant that plays music when asked, a search engine that
finds information based on a query, or a navigation app that gives directions when a
destination is entered, like Amazon Fcho, which reactively performs tasks based on user
voice commands. The main challenges for reactive companions include understanding user
commands, giving accurate information, and handling unexpected inputs smoothly. Both
reactive and proactive systems encounter difficulties in accurately and comprehensively
understanding user needs and preferences. This limitation can be attributed to a scarcity
of robust user modeling and the challenge of interpreting nuanced cues or implicit feedback.
It is necessary to develop more sophisticated user models that incorporate psychological
profiles, which extend beyond the scope of interaction history Mﬂ In addition,
enhancements to natural language processing and sentiment analysis capabilities would
facilitate a more nuanced comprehension of user requests and feedback.

2.2 Psychological Needs in Companion Technology Design

HCI draws upon fields such as philosophy and psychology, sharing conceptual similarities
with these disciplines but also exhibiting differences. Therefore, to examine companion
technologies, we turn to the psychological needs literature. Psychological needs have pre-
viously been used as a means of explaining the user experience of interactive technologies
[HDG10]. This categorization provides a framework for analyzing the diverse range of
needs that companion technologies can address [PK12]. For instance, a companion robot
could provide stimulation through novel interactions, foster identification by allowing
users to personalize their appearance or behavior, and evoke personal memories through
shared experiences. Specifically, Hassenzahl et al. (2010) highlighted the significance
of psychological needs in the context of experience-oriented technology design [HDGI10].
Sheldon et al. (2001) conducted three consecutive studies with the objective of exploring
the importance of a variety of psychological needs [SEKKO01]. From a variety of theories
of psychological need fulfillment, they derived and explored ten psychological needs:
self-esteem, autonomy, competence, relatedness, pleasure-stimulation, physical thriving,
self-actualization-meaning, security, popularity-influence, and money luxury. The four
most salient needs identified in the study were self-esteem, autonomy, competence, and
relatedness. Self-esteem and security also emerged as significant contributors to satisfying
user experiences [PK12]. Sheldon et al. (2001) conducted research that revealed the
importance of specific needs for well-being [SEKKO0I1]. For instance, Laschke et al. (2020)

focused on designing medical technologies to support radiologists’ well-being [LBNH20].

Two applications were developed: Accomplishment Library, allowing radiologists to store
and share meaningful cases, addressing needs for competence, meaning, and relatedness,
and Likelist, enabling feedback and communication between radiologists and referring
physicians, addressing needs for competence, popularity, and collaboration. Both tools
aimed to enhance professional satisfaction and teamwork. These findings align with and
extend those of the Self-Determination Theory as proposed by Ryan and Deci [RD00].

SDT is one of the most widely studied and applied human motivation frameworks in
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psychology ﬂm For more than four decades, many of its central principles have
been repeatedly evaluated in meta-analyses, and it has been actively and increasingly
studied [GRST19, RDDD™22, INNP"21]. The strong interest in the theory stems partly
from its relatively unique focus on the importance of human autonomy and volition:
how environmental factors either support or inhibit the ability of humans to behave
willingly, proactively, and in a sustained manner ﬂm SDT proposes that there
are specific factors that influence people’s ability to develop and maintain motivation to
engage in certain behaviors, thereby reducing their dependence on support from external
sources. Basically, sources of motivation may be more or less internal (based on an
inherent desire to perform) or external (based on external factors like fear, reward, or
duty). According to SDT, while interventions that rely on extrinsic forms of motivation
may work in the short term, they typically fail to sustain motivation in the long term, or
after the intervention has ended [DR13|]. Conversely, if the motivation is internalized,
the behavior can become self-determined, at which point the intervention may no longer
be necessary, and the change in behavior tends to be persistent [RD17].

An important opportunity for companion systems, therefore, is to use SDT to change the
nature of the scaffolding mechanisms in the direction of a more internal regulation of mo-
tivation. In other words, to help people internalize the values and goals of the companion
intervention so that it feels less like something they have to do and more like something
they do voluntarily because they find it intrinsically pleasurable and/or personally mean-
ingful. This change is facilitated by the relevant satisfaction of three basic psychological
needs that all people seem to have: needs for a sense of autonomy, competence, and relat-
edness. SDT provides a framework for developing behavioral interventions and suggests

techniques for influencing their constructs [FDGT12, IGRST19, [RDDD™22, INNP*21].

There is strong evidence for the effectiveness of SDT-based interventions in multiple

domains, including physical activity [ENDOS, WGS*06|, environmental behaviors [PS0S],
tobacco use [WNPT09], and adherence to medical treatment [WMZ¥04], as demonstrated

in several intervention studies and meta-analyses. Consequently, HCI researchers are
beginning to highlight the benefits of integrating SDT constructs into interface design
and the importance of addressing these basic needs at different stages of technology
adoption m PCR1§|. A handful of HCI papers have begun to consider how to
support these needs through design features, particularly for companion technology.

The design of companion technologies must consider the dynamic and contextual re-
quirements of users, emphasizing the need for diverse companion roles and interaction
styles depending on the context of use. For example, a study focusing on software
architects found that they preferred active companions in work settings, whereas they
favored passive companions in leisure contexts [NDP18]. This suggests that companion
technologies designed for work should prioritize needs related to competence, efficiency,
and productivity, while those designed for leisure might focus on stimulation, pleasure,
and relaxation. Also, the emphasis should be on designing companion technologies that
prioritize delivering positive experiences [BZSP19]. Burmester et al. (2019) designed two
digital companion prototypes for workshop planning, with Hugo focusing on fostering
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positive user experiences by addressing needs like feedback, security, and collaboration
[BZSP19]. Results showed Hugo elicited more natural interactions and positive percep-
tions compared to the neutral companion, despite similar functionalities. While research
has highlighted the importance of fulfilling psychological needs for positive user experi-
ences, understanding the specific needs tied to different interaction contexts remains a
challenge [NDPI§|. Researchers have explored the development of digital companions for
work contexts with a focus on fostering positive experiences, however, several challenges
remain to be addressed ﬂm These include identifying appropriate data sources
and knowledge bases to support the functionality of digital companions, enabling them
to understand and adapt to contextual information effectively, and striking a balance
between being useful and avoiding overwhelming users. Further research is needed to fully
explore the potential of companion technologies in enhancing well-being and to develop
comprehensive design guidelines [LBNH20]. This includes a deeper understanding of the
intricate interplay between technology, psychological needs, and context.

2.3 Interaction Modalities in Companion Systems

Two closely related but conceptually distinct dimensions to distinguish are: user inter-
action input and system behavior output. The first dimension as discussed in Section
2.1}, reactive versus proactive system behavior, describes how the system reacts to or
predicts what the user needs. The second dimension, explicit versus implicit interaction,
describes how users interact with the system. Explicit interactions are deliberate and
conscious actions, such as issuing voice commands, clicking buttons, or making gestures.
On the other hand, implicit interactions are non-conscious and involuntary signals that
the system detects and interprets. These signals can include things like where someone is
looking, their posture, facial expressions, or physical reactions. These two dimensions
often intersect: explicit versus implicit and reactive versus proactive. For example, a
system might suggest a break on its own because it detects signs of fatigue, like facial
tension. It might also respond to a direct request for directions, such as when a user says,
“Take me to the nearest pharmacy.” In companion systems, these two dimensions often
intersect and inform one another, shaping the nature of the interaction.

The companion system processes user input, including speech, gestures, and emotional
cues, together with environmental data to create a combined representation of the user’s
state and context. This representation is used to generate plans, recommend actions,
and adapt system responses. The interaction modalities of companion systems involve
the integration of multi-modal user inputs, such as speech, gestures, and emotional cues,
which the system uses to adapt its responses and provide personalized assistance through
different output channels, such as visual, auditory, or tactile feedback . A
driver assistance system records spoken commands gestures such as pointing, and facial
expressions of stress [GLSG09]. For example, if the driver looks anxious, the system can
recommend calming routes or adjust driving preferences accordingly. For another scenario
where a dyslexic child learns with a caregiver, cameras capture facial expressions and
body movements, while wearable sensors measure physiological data like heart rate and
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skin conductance [BCDM™12]. This enables real-time adjustments in teaching methods.
Data collected from the child’s environment, including video, audio, and physiological
signals, is analyzed to provide suggestions or alarms to caregivers, such as recommending
new activities when the child’s engagement drops. The system integrates multi-sensory
teaching strategies by leveraging the strengths of dyslexic children, such as heightened
sensory receptivity.

Kapoor et al. (2007), for example, an automated method for predicting frustration
was presented, utilizing multi-modal non-verbal cues, including facial expressions, head
movement, posture, skin conductance, and mouse pressure data [KBPO7]. Peters et al.
(2008) modeled the user level of interest and engagement using eye gaze and head direction
information during an interaction with a virtual agent displaying shared attention behavior
[PAKdS08]. One of the most significant challenges in multi-modal affect recognition
is the fusion of different modalities. The fusion of features from different modalities
of expression can occur at varying levels, including the feature level and the decision
level. Results from studies in psychology and neurology indicate that the integration
of disparate perceptual signals occurs at an early stage of human stimulus processing
[Ste93]. This indicates that the processing of different modalities of expression should
occur within a joint feature space, rather than through a late fusion. The relationship
between features derived from different modalities is currently unclear, as they often
exhibit complementary and redundant characteristics. It is, therefore, essential to
emphasize that alternative combination strategies beyond the direct fusion of features
must be subjected to further investigation. The development of innovative techniques for
multi-modal fusion must consider the intrinsic relationships and correlations between
the feature sets present in the different modalities[SGMO7, [ZHL06]. The design of
companion technologies should integrate insights from prior work on multi-model systems
to create systems capable of dynamically adapting to complexity to provide more accurate,
context-sensitive responses, thereby improving user experience. Empirically testing the
companion’s interaction modalities is crucial to identifying and addressing potential
ambiguities and errors in real-world scenarios. Choosing the wrong interaction modalities
can significantly complicate the interaction between users and digital companions, leading
to inefficiencies. For instance, if a digital assistant misinterprets voice commands in a
noisy environment due to inadequate contextual awareness, the user may have to repeat
or clarify requests multiple times, creating frustration and delays. Similarly, in smart
home systems, if a gesture-based control misinterprets or fails to recognize intended
actions due to poor calibration or conflicting inputs, the user may experience errors in
executing tasks.

Electrical muscle stimulation (EMS) systems in HCI present an innovative interaction
modality that directly interfaces with the user’s body by stimulating specific muscles to
elicit controlled movements [FKS22]. EMS systems bypass conventional input and output
mechanisms, instead using electrical impulses to create physical responses, making them
particularly suited for scenarios where tactile feedback or physical guidance is needed
[KAHIS]. By integrating precise muscle control, EMS expands the scope of multi-modal
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interaction, bridging physical actions with digital responses to create highly adaptive and
responsive interfaces in HCI. Despite its potential, EMS has not been extensively explored
as an interaction modality for companion technology, partly because it compromises user
autonomy and remains unfamiliar in everyday use. Integrating EMS into companion
systems could, however, offer opportunities for more immersive and physical interactions.
This thesis proposes investigating EMS as a novel modality to enhance user experience
and functionality, balancing its benefits with considerations for autonomy and usability.
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CHAPTER

Professional Training and Work
Safety Companion

The selection of case studies in this chapter was guided by the need to explore real-
world, high-stakes, or competency-based environments contexts where effective knowledge
transfer, guided training, or cooperative task performance is essential, and where proactive
companion technologies have the potential to meaningfully improve user outcomes. We
explored diverse domains rather than limiting the investigation to a single application
domain, to understand how assistive technologies work in different real-world contexts.

3.1 Professional Training with Single-User VR Companion

This chapter is based on our following publication:

Shahu, A., Kinzer, K., & Michahelles, F. (2023, December). Enhancing Professional
Training with Single-User Virtual Reality: Unveiling Challenges, Opportunities, and
Design Guidelines. In Proceedings of the 22nd International Conference on Mobile
and Ubiquitous Multimedia (pp. 244-256).

Virtual reality (VR) technology is increasingly finding its place in education and pro-
fessional training due to a host of advantages it offers. These include the flexibility of
learning from anywhere, the ability to practice hazardous tasks safely, and the allowance
of errors [RMN21l [GGBZ21]. VR enables the visualization of three-dimensional (3D)
information and creates interactive settings that enhance the feeling of being immersed.
This technology promotes learning by involving learners in interactive activities and
dynamic interactions, enabling them to delve into and explore various objects and phe-
nomena within the learning environment. This is particularly advantageous in fields
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where authentic learning settings are impractical within a conventional classroom setup
such as healthcare, aviation, and emergency response. By integrating 3D objects that
replicate real-world items, and subsequently incorporating them into real-time virtual
simulations [BC94], learners gain the opportunity to immerse themselves in a simu-
lated reality [MN99]. Apprentices and trainees currently have limited opportunities to
practice the tasks, making VR training a promising solution as it provides a safe envi-
ronment for making mistakes and repeating efforts, which is crucial for skill acquisition

[RMN21,, SFLRSTS].

Research has indicated that utilizing VR for learning can amplify motivation and interest,
ultimately resulting in more effective learning outcomes and heightened self-confidence
[HSTT9, MSTIb, RMN21]. Moreover, virtual learning environments offer the advantages
of affordability, safety, and increased flexibility. Numerous educational systems have
effectively established impactful virtual learning environments [CRO7, PCYT06].The
success of immersing individuals in a VR environment hinges on the extent of their
engagement [SC03]. Educators are actively exploring ways to leverage this immersive
quality of VR to enhance learners’ willingness to participate in educational activities
[HS08]. Despite the observed positive impacts of VR, particularly with head-mounted
displays (HMDs), there remains a paucity of evidence on the optimal utilization of
this technology for training, particularly in real-world scenarios m MBGMI9,

FGATIS).

Thoroughly assessing learning objectives, activities, evaluations, and seamless curricular
integration is indispensable before embracing VR training, recognizing that it cannot
wholly replace hands-on experience [JKI§|. Nevertheless, as a supplementary learning
tool, it holds the potential to enhance existing instructional techniques, thereby meriting
serious consideration for effective and efficient training paradigms. Exploring the full
scope of VR training’s limitations and its accessibility across diverse demographics is of
paramount importance [GGBZ21]. Furthermore, we must actively recognize and remove
any barriers that might impede the adoption of VR training, while also shaping design
and usage guidelines based on real-world VR training contexts.

Our research encompasses the development and assessment of functional prototypes for
single-user VR companion applications using HMDs. The primary objective of this study
is to contrast the learning outcomes of two cohorts: one utilizing VR training companions,
and the other relying on printed materials. These learning exercises pertain to tasks that
involve spatial orientation and procedural competencies. In addition, the study aims
to identify suitable teaching and learning paradigms for VR training that consider the
real-world context. The study also evaluates the acceptance of VR training companions,
identifies potential barriers and obstacles, and delves into associated challenges. Through
comprehensive exploration and comparison, this research investigates the deployment of
VR training companions in various domains. Guided by the findings, the study furnishes
recommendations for the future evolution of VR training that caters to a diverse array of
users, including both learners and instructors. The objective is to harness the potential
of this technology for long-term integration into professional training. By comprehending
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the impact of VR training on learning outcomes, identifying best practices for design
and use, and addressing potential challenges, the study endeavors to contribute to the
formulation of efficient VR training curricula. These curricula have the potential to
elevate safety and enhance skill acquisition within vocational education using a companion.
A substantial component of our investigation is of an exploratory nature. Consequently,
we have formulated the following research questions:

o Research Question 1 (RQ1): What are the opportunities and challenges of
employing single-user VR companions in modern professional training in terms of
accessibility, learning outcomes, acceptability, and technology motivation?

o Research Question 2 (RQ2): What are the best practices and recommendations
for designing and implementing single-user VR companion training in a real-world
context?

3.1.1 Related Work

The existing literature highlights the multifaceted advantages of immersive VR training,
encompassing heightened emotional engagement, enhanced learning processes, elevated
motivation, and enjoyment [GGBZ21]. It has exhibited superior efficacy compared to
video training or desktop VR, particularly in the context of procedural skills and the
exploration of hazardous scenarios [RMN21]. Nonetheless, the effectiveness of immersive
VR training hinges on trainer guidance and supervision, while also presenting limitations
in terms of haptic feedback [MBGMI9, TPG*21]. While it facilitates repetitive training
without necessitating additional equipment and can truncate training time, its integration

requires judicious consideration to maximize learning outcomes [MPGKI5, BMAT19].

Virtual Reality in Professional Training

Initially utilized predominantly in military training, the broader adoption of VR across
different domains remained constrained due to the prohibitive expenses associated with
the required equipment [Carl7]. However, with advancements in hardware and the
gradual reduction in the cost of VR devices, the horizons of potential applications have
expanded. VR has the capacity to replicate both real-world and imaginative scenarios,
offering a secure avenue for immersive hands-on training. This evolution renders VR
increasingly indispensable for educational and training contexts IST65]. Despite
this, the integration of VR into mainstream education remains largely experimental, and
its inclusion in standard curricula has yet to materialize [RMEW20].

VR training proves particularly invaluable in contexts where errors could result in
personal or collective harm, or where real-world training is unfeasible, such as emergency
preparedness or scenarios with products that do not yet exist [SRKS20]. The growing
interest in VR simulations for vocational and safety training stems from their capability
to facilitate the practice of critical and hazardous tasks within a safe and realistic
environment [GGBZ21]. These simulations offer a diverse array of scenarios, featuring
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personalized content, feedback, and varying levels of complexity [MBGMI19, [TPG*21].
The benefits of VR training encompass decreased fabrication time, cost-efficiency vis-

a-vis traditional training, and the flexibility to repeat training sessions as necessary
SFLRSI8, PLS*21]. Highly motivating and engaging for users, VR training
fosters heightened learning efficiency, higher confidence, and easier recovery from errors
than in real-world environments [MBGMTI9]. The interactive and immersive nature of
the environment encourages experiential learning through real-time experimentation and
exploration [PMO§]. Studies have found that VR training is effective for training memory,
procedural skills, spatial tasks, and orientational skills, primarily focusing on procedural
skills for assembly and maintenance [RMN21], [(GGBZ21]. Evidence suggests a correlation
between high immersion levels in VR applications and spatial memory capabilities
[RMN2T]. However, a crucial differentiation needs to be drawn between VR applications
in educational settings and those geared towards occupation-centric professional training,
as the latter is inherently more intricate and challenging to evaluate [RMN21]. Plotzky
et al. (2021) found that although VR training theoretically enables self-directed learning
without direct supervision, its effectiveness is notably enhanced when complemented
by guidance and support from trainers ﬂm Integrating VR technology into the
curriculum is imperative, and it should be regarded as a complementary tool rather than
a substitute for conventional learning methods, highlighted by the necessity of proper

instructional guidance BMAT19].

Orientational Skills in VR

A study by Krokos et al. (2019) examined how spatial information representation
impacts memorability and recall [KPV19]. They used a 3D virtual castle with designated
information, similar to memory places. Participants were split into three groups: VR with
HMDs, desktop 3D model, and a list of items. The VR group had better recall, focus,
and presence. Even those new to HMDs outperformed desktop users in VR. However,
Konig et al. (2020) had a different perspective, exploring the effects of VR and non-VR
media on spatial learning [KKCT20]. Despite similar knowledge acquisition between
the learning methods, the VR cohort displayed enhanced proficiency in judging straight
directions between landmarks, while the non-VR group excelled in estimating cardinal
directions. Schrom-Feiertag et al. (2017) orchestrated an experiment within a CAVE
virtual environment to evaluate an indoor guidance system. Participants navigated
through way-finding tasks, leveraging the inherent ease of movement within the CAVE
setup [SFSS17]. Quantifiable metrics such as completion times, traveled distance, walking
speed, and visual exploration were measured. The assessment extended to gauging
participants’ perception of presence in the virtual milieu. The results notably highlighted
the effectiveness of virtual environments in scrutinizing human navigation behaviors
and spatial orientation. These findings suggest that harnessing VR technology can
yield substantial benefits in enhancing cognitive processes such as memorability, spatial
orientation, and navigation.
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Presence and Immersion

The terms "presence" and "immersion" are often used to describe the VR experience,
but their distinctions are not always clear, sometimes leading to confusion or conflicting
definitions [Call4]. Presence is the sensation of being in the virtual environment [LBR15],
while immersion relates to the technology that creates this sensation [BMAT19]. How
immersive the technology is and how users navigate within it can affect presence, which
then influences user acceptance and perceived utility [BLT™14, ISLEL™20, WWW™18].
Immersive VR uses headsets and CAVEs. Questionnaires are often used to measure
presence after a VR experience [SKHHI9]. Understanding presence is important for
creating new technologies and training scenarios.

Fidelity

Fidelity is a key aspect in VR applications, commonly categorized into three types:
display fidelity, interaction fidelity, and scenario fidelity (related to storytelling) [BC17].
Display fidelity pertains to the level of detail and realism in the visual elements, which
can improve users’ attention but does not necessarily increase their sense of presence in
VR [Call4]. Research by Buttussi and Chittaro (2017) explored different display fidelity
levels in safety training, revealing that higher fidelity increased presence and engagement
but didn’t significantly improve learning outcomes [BC17]. Uncertainty remains regarding
the impact of higher interaction fidelity on learning outcomes, especially in tasks involving
physical actions. Further investigation is required to comprehend the role of scenario
fidelity. Remarkably, Feng et al. (2018) noted that heightened fidelity and realism elevate
engagement with the subject being taught [FGAT18].

Procedural Skills

Electricians: In a study by Goérski et al. (2021), an experiment centered around a
VR training system for electricians was conducted [GGBZ21], exploring three distinct
navigation and interaction methods. The objective was to identify the optimal fusion of
interaction techniques and evaluate the viability of VR simulation for future electrician
training within a facility context. Participants engaged in standardized scenarios, involv-
ing switching operations and simulated cable placement, with an assisting avatar offering
brief tips. A pre-and post-questionnaire captured insights, and implementation times
and hint usage were compared across different setups. Overall, 90% of participants found
the technology useful, with 54.5% considering it a potential replacement for traditional
training. In another study by Tanaka et al. (2017), a VR training system tailored for
electricians stationed at substations was conceived and investigated as a supplementary
training tool ﬂm Users explored the facility and inspected equipment for errors.
The study concluded that VR training effectively complements traditional training. A
subsequent investigation delved into various movement methods and the broad applicabil-
ity of such training, ultimately proposing teleportation as the default choice. As current
training for electricians and network operators tends to focus on theoretical knowledge,
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lacking practical experience, VR training fills a vital void in cultivating best practices
TPBT17].

Healthcare: As per Renganayagalu et al. (2021), VR training is widely embraced
within the medical realm, with medical training-oriented VR systems exhibiting greater
specialization and sophistication than those used in other sectors [RMN21]. While
VR training in nursing education is relatively nascent and warrants further exploration,
research such as the study conducted by Bracq et al . (2019) highlights VR’s suitability for
procedural training in nursing ﬂm This is particularly evident for tasks requiring
repetitive practice devoid of equipment or patient involvement. The study revealed
increased interest in VR post-training, with age, gender, and gaming or VR familiarity
exerting minimal influence on user acceptability. However, the study acknowledged
the necessity for additional research to assess the real-world impact of VR training
on procedural skills. In a comprehensive assessment, Plotzky et al. (2021) performed
a systematic review of VR usage in nurse education, revealing systematic procedure
training, emergency response training, soft skills training, and psychomotor skills training
as the most common areas of focus [PLS*21]. Furthermore, Butt et al. (2018) delved
into the effectiveness and user experience of a game-based VR simulation for urinary
catheterization training, a procedure with limited opportunities for practice before
patient interactions [BKEEIS]. The VR simulation allowed hands-on interaction via
interactive gloves, with both groups receiving expert feedback during their one-hour
practice. Outcomes indicated a strong inclination toward repeated practice, and a
retention test conducted two weeks later demonstrated comparable performance between
groups. Intensive care nurses frequently grapple with chronic stress due to the persistent
stressors of interruptions and time pressure. A study conducted by Weify and Heuten
(2023) within a virtual environment corroborates that both subjective and objective stress
levels increase under these circumstances [WH23]. This finding highlights the feasibility
of integrating stress inoculation training into nursing education curricula, particularly
in scenarios that emulate safety-critical situations during early professional training.
Overall, the VR simulation was well-received, with participants expressing a willingness
to incorporate it into their practice.

Safety Training: Realistically simulating emergency training is a notable challenge
that VR effectively addresses [SRKS20]. VR provides hands-on training, allowing trainees
to engage in diverse scenarios and actively partake in various situations without actual
risk. However, high-fidelity systems remain cost-intensive and primarily find use within
the military domain [MPGKI5]. Feng et al. (2018) explored the use of VR in serious
games and evacuation training, finding that traditional training methods lack emotional
engagement and feedback ﬂm VR-based training yields several advantages,
encompassing enhanced recall, immediate feedback, and the ability to study behavioral
patterns ﬂm Fire safety, in particular, stands as a significant application area,
leveraging VR to replicate lifelike scenarios, amplify engagement, and evoke emotional
responses. Lovreglio et al. (2021) conducted a comparative study between VR and
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traditional video training for fire extinguisher usage [m The findings indicated
that the VR group exhibited noteworthy knowledge gain and improved retention compared
to the video group. Most participants favored VR training over video training, however,
the study didn’t directly compare their performance in real tasks. In a separate study by
Makransky et al. (2019), immersive VR, desktop VR, and printed manuals were pitted
against each other to teach laboratory safety to undergraduate students [MBGM19].
The immersive VR and desktop VR groups displayed significantly higher enjoyment and
intrinsic motivation than the printed media group. The study highlights VR’s potential
to enhance enjoyment and motivation in learning, subsequently bolstering the effort put
into learning. Furthermore, VR training’s value extends beyond academic settings into
real-world performance improvement.

3.1.2 Approach

To formulate recommendations and guidelines for the utilization of single-user VR HMDs
in professional training, our stance favors the adoption of a case study methodology. The
case study approach stands as an optimal choice for delving into the connections between
contextual conditions, phenomena, and underlying reasons. Additionally, employing a
multi-case study approach proves valuable in dissecting differences and commonalities
across diverse cases [BJT08]. This methodology allows for a holistic comprehension of the
subject matter by amalgamating both qualitative and quantitative data [AJL22]. The
primary objective of this study is to introduce VR technology into professional training
programs aimed at diverse target groups. We seek to enrich the conventional learning
approach reliant on printed materials, images, and videos, by providing a more immersive
and interactive learning experience. Our experimental framework was meticulously
designed to leverage potential synergies, and these experiments were conducted within
settings that closely resembled their real-world applications. These settings encompassed
vocational schools, training facilities, and a simulated hospital environment. An iterative
development approach was adopted, involving workshops with experts, mixed methods
in experiments and field studies, and qualitative interviews focused on task-related
measures to analyze the behavioral patterns of different groups and identify the underlying
challenges for the effective use of single-user VR training. The interview aimed to assess
participants’ perceptions of VR training by inquiring about its strengths, weaknesses,
satisfaction, improvement suggestions, the advantages of VR over conventional methods,
and the potential integration of VR into education and training. Importantly, the same

hardware devices, specifically the Oculus Quest 2, were used in all the case studies.

The collected data not only shed light on potential opportunities and roadblocks within

single-user VR HMD training but also contributed to the formulation of design guidelines.

Case Study 1 - Knowledge Transfer in Electrical Engineering

The research commenced by gathering requirements through a comprehensive analysis of
similar projects in the literature. We used an iterative approach to develop a functional

31



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.

PROFESSIONAL TRAINING AND WORK SAFETY COMPANION

32

prototype in collaboration with Mindconsole!. We held two workshops with experts
and potential users to determine the content for the VR training scenario. In the
first workshop, 8 trainers and experts from partners like AVL List GmbH? and WIFI
Steiermark?| participated. The second workshop involved 9 apprentices from AVL Traning
Center for Apprentices. The workshops aimed to pinpoint training scenarios that would
be pertinent to both trainers and students. To uncover potential scenarios and learning
material for the VR training, we delved into work accident statistics * and organized
design-fiction workshops. This approach was undertaken with the objective of proactively
identifying and mitigating potential forthcoming challenges within the training system
and evaluating its advantages and disadvantages.

Initial Findings: In both workshops, participants focused on improving electrical
engineering safety education, discussing VR scenarios for complex situations and the need
for more hands-on learning. They noted that apprentices seek greater tactile experiences
and often rely on self-guided online learning. The main challenge discussed was teaching
the "Five Safety Rules" due to limited hands-on training opportunities, which can be
addressed via the use of the VR companion. To address this, they proposed integrating
VR scenarios for tasks like cable laying and power line work, although precision tasks
may be challenging in VR due to restricted feedback. VR was considered beneficial for
its safer and more realistic learning environment, along with the advantage of training at
different locations.

Study Design and Task: Case study 1 was designed to simulate a flat with potentially
damaged electric installations as shown in Figure [3.1. The objective was to follow a
protocol and ensure that the basic protection according to DIN VDE 0100 is met [KS84].
The scenario encompassed 15 distinct variables, each representing a facet of electrical
installations, as depicted in Figure |3.2 This includes elements such as impaired sockets
and malfunctioning appliances. Ten electrical sockets at four distinct locations, or
the fuse box itself, had the potential to have been damaged or incorrectly installed in
the past. Manifestations of these issues included non-functioning sockets, visible burn
marks, or improper installation. Furthermore, the following electrical devices may have
incurred damage: a standing lamp, a table lamp, a television, and a toaster. Each
time a scenario was initiated, these variables were randomly generated. The simulated
apartment comprised three rooms, granting users the freedom to traverse and interact
with diverse measuring devices. Within the proximity of the user’s access, an imaginary
conveyor belt housed various measurement instruments, including a voltage tester, a
test lamp, and two locks designed for securing fuses and the fuse box. The user had
the discretion to choose the methods and order for examining the essential electrical

"https://mindconsole.net/ — Accessed July 2022

*https://www.avl.com/de — Accessed July 2022

3https://www.stmk.wifi.at/ — Accessed July 2022

“https://www.statistik.at /en/statistics /labour-market /labour-and-health /accidents-at-work-work-
related-health-problems — Accessed July 2022
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safety measures in the residence. The study was conducted in two distinct phases. The
first phase commenced with a kickoff workshop, wherein the project was introduced, and
participants were given an ID and tutorial on how to use the VR headset and interact
with the scenario. Participants were granted access to the VR headset for a duration
spanning two to three weeks. At the training facility of AVL List GmbH, VR training
took place voluntarily during breaks. Conversely, Landesberufsschule Voitsbergﬁ and
Energie Steiermark AGH seamlessly integrate VR training into their standard curriculum.
Culminating this phase, a qualitative semi-structured interview was conducted to gather
insights. The objective of these interviews was to accumulate insights concerning the
acceptance and viability of VR training. Carried out via telephone, each interview
spanned approximately 20 minutes. Participants were extended invitations during the
inaugural kick-off workshop, resulting in a total of 30 participants being interviewed. The
data collected from these interviews was analyzed employing thematic analysis by three
researchers. The analysis of interview data in this study followed a structured process of
transcription, coding, category creation, and theme development. Each interview’s data
categorization underwent a second review by at least one researcher to determine the
final categorization.

Figure 3.1: Hallway, the starting point of the scenario (left), and the living room of the
virtual flat (right).

Participants: The study involved 30 apprentices drawn from diverse project partners,
including entities such as AVL List GmbH, Landesberufsschule Voitsberg, and Energie
Steiermark AG. These collaborators expressed future interest in incorporating VR training
systems and requested their respective apprentices to participate in the study. Prior to
involvement, all participants, as well as their legal guardians in the case of minors, were
comprehensively briefed about the study’s nature and objectives, ultimately granting
their explicit consent to partake. The majority of study participants were male, while
the number of female apprentices partaking was limited to 5. Merely 10 individuals

®https://www.lbs-voitsberg.ac.at/ — Accessed July 2022
Shttps://www.e-steiermark.com/ueber-uns/unternehmen/management, — Accessed July 2022
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Figure 3.2: Voltage tester, test lamp and two locks (left), and the fuse box in the hallway
(right).

surpassed the age of 20. The mean age of participants was calculated at 18.2 years, with
the youngest participant aged 16 and the eldest aged 27.

Results: Individuals involved in the field study exhibited a moderate to strong inclina-
tion towards technology, as indicated by the ATI-S scale [FAW19]. The average score
on this scale, which ranges from 1 to 6, was 4.25 (SD = 0.84). The overall training
approach garnered positive feedback, particularly for its alignment with contemporary
learning preferences. A participant reported "You can learn better that way, today’s
youth can deal better with such a system and the Internet than with lots of slips of paper,
we are more used to that. That something like this is developed at all is great!" (p. 10).
Participants noted that young learners are better equipped to engage with digital systems
like VR companions compared to traditional methods|[This finding contributes to Chapten
7, subsection |7.3: User Autonomy and Control.| The innovative nature of VR-based
training was well-received. Students who pursued electrician apprenticeships found
value in hands-on experience for tasks that were previously only taught theoretically.
Conversely, participants in other apprenticeships highlighted unfamiliar and complex
content but appreciated the exposure to different specializations and scenarios. The need
for varied levels of difficulty was acknowledged [This finding contributes to Chapter 7
subsection |7.3: Personalization and Adaptability.] A small portion of the participants
encountered initial difficulties with the system, primarily related to the unfamiliarity
with teleportation mechanics, resulting in unexpected collisions with virtual objects. A
participant reported "Only when teleporting, there it was confusing when you’re suddenly
standing right in front of a wall" (p. 25). When asked in further detail about their initial
interactions, a minority reported issues operating controllers, orienting within the VR
environment, or using tools within the scenario, for example, one participant said “..that
you suddenly found yourself in a wall or in the fuse box” (p.17). A couple of participants
experienced dizziness, attributing it to the confined physical classroom space available
for VR interaction, one mentioned “I had difficulties setting up the play area (p. 13)."
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The analysis revealed the following prominent themes:

Overall Satisfaction with VR-Based Training: Despite these challenges, an
overwhelming amount of participants expressed satisfaction with the VR-based companion
training|[This finding contributes to Chapter 7, subsection |7.5: Cognitive and Emotional
Support.| The realism of the learning scenarios was highlighted, which also contributed
to user satisfaction, with participants noting the benefit of practicing complex topics
in VR before real-world application. A participant said “for preparing for the final
apprenticeship exam because you have to master exactly these topics well" (p. 27). The
simulation’s close alignment with real-world movements was appreciated for facilitating
effective learning |[This finding contributes to Chapter 7, subsection |7.5: Collaborative
and Relational Design.) One participant emphasized “..that it was good to be able to
practice such topics in VR first and only then in reality.. it is much safer that way (p.
9). Another participant pointed out “It’s good that you make similar movements with
the controllers as you do in real life: that’s why you learn it quickly" (p. 9).

High Presence and Comfort: Participants also reported a sense of high presence.
Some reported comfort with wearing HMD for example, one said “I almost forgot I am
wearing it" (p. 13).

Interest in Integrating VR into Curriculum: Most of the participants expressed
interest in incorporating VR-based companion training into their curriculum, citing

practical relevance, safety, and the ability to grasp complex concepts as driving factors.

One participant said “..because I would have understood many things more easily. One
remembers concepts better than only if taught theoretically” (p. 10)." Another participant
reported “.. because this exercise is very instructive, and I can concentrate better than
in normal lessons” (p. 4)."

Practical Relevance and Enjoyable Learning: FEngaging in VR training allows
individuals to perceive complex connections and gain insight into the bigger picture [This
finding contributes to Chapter 7, subsection |7.5: User Autonomy and Control.] In the
absence of such immersive experiences, practical knowledge often remains isolated. A
handful of participants expressed that the system’s practical relevance and enjoyable
nature motivate them to embrace this approach. They mentioned “you can’t break
anything” (p. 17) and “I also think it’s good that you can try things out before you
do them in reality." (p. 12). Suggestions emerged for integrating VR into vocational
education, with a proposed model of alternating theory and VR practice |[This finding
contributes to Chapter 7, subsection |7.3: Personalization and Adaptability.) A participant

said “I would do it by scheduling the theory lessons beforehand, for example, two weeks;

and then practice with VR for maybe a week; (so that) you can then directly apply
what you have learned in theory; then you remember things much better” (p. 10). The
potential benefits of VR-based training included improved memory retention, a better
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understanding of tasks, and enhanced focus. As a participant said “One is really focused
and actively dealing with the topic” (p. 8).

Anticipated Challenges and Recommendations: Anticipated challenges in-
cluded concerns about technology acceptance, teacher adaptation, monitoring student
progress, and costs. Some participants feared diminished dedication to traditional theory
and hands-on learning. Addressing this, recommendations were made to stream VR
content to screens or use introductory videos and tutorials, provide tutorials, and involve
teachers during training. Participants stressed the importance of instructor involve-
ment during VR practice for guidance and technical support [This finding contributes to
chapter:quidelines: Collaborative and Relational Design./ A contact person was deemed
essential for addressing questions and maintaining a structured learning environment.
The consensus was that trainers’ presence ensured effective training sessions, fostering
focus and discipline among learners. A participant mentioned “It certainly doesn’t work
without a teacher; they always have to be there when practicing, otherwise it would be far
too unsettled (and noisy in the class)” (p. 20).

Case study 2 - Spatial VR Training for Healthcare and Emergency
Responders

This work aimed to create and evaluate VR-based companion training scenarios for
healthcare and emergency response personnel, specifically focusing on spatial navigation
and evacuation training. The comprehensive case study involved conducting a literature
review centered on VR training for first responders, developing outlines for training
scenarios, and ultimately implementing and assessing these scenarios with medical
professionals. Following a methodology similar to Case Study 1, the project placed
a strong emphasis on understanding users’ subjective experiences, their confidence in
using the VR training companion system, and identifying skills and activities suitable
for VR support. VR-based scenarios were developed to measure training effectiveness:
designed to improve spatial orientation skills during hospital evacuations, which was then
compared to a printed map-based training approach.

Study Design: To compare learning outcomes across two training methodologies
effectively, participants were randomly assigned to either a VR companion scenario or a
printed materials condition. The choice of the printed media condition stemmed from its
widespread usage, enabling self-guided practice regardless of time and location. Each
group was provided with 8 minutes of training time for the task. After the training
phase, participants carried out the task in an authentic environment to assess their
performance. At the study’s commencement, participants received an explanation about
the experiment’s objectives and its timeline, following which they granted their consent
to partake. Every participant was allocated a distinctive ID and advised against sharing
their experience with others. The individuals were randomly divided into either the VR
or non-VR groups, receiving instructions on navigating the VR system before embarking
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on an 8-minute training session. Subsequent to the task, participants underwent brief
interviews aimed at capturing their personal perceptions of the experience.

}
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Figure 3.3: The view of the user when starting the scenario (left), user’s view of the
hallway with pointing teleport (middle), and a room to be marked as visited (right).
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Figure 3.4: The path leading to the first room (016) in the VR (left) and the real hallway
(right).

Task: The spatial orientation scenario showcased a virtual representation of SIM
Campus in Eisenerz, Styria, Austriaﬂ The virtual scenario commenced within room

"https://www.simcampus.cu/ — Accessed July 2022
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018 on the ground floor, mirroring the actual starting point as depicted in Figure 3.4.
The VR scenario aimed to closely replicate the building’s attributes such as flooring,
doors, windows, room numbers, and descriptions, though room furnishings were omitted.
Participants were tasked with memorizing a sequential route within a building comprising
five rooms labeled 016, 004, 102, 112, and 125. Notably, rooms numbered with a prefix
of 0 were situated on the ground floor, while those bearing a prefix of 1 were positioned
on the first floor. However, explicit instructions on how to memorize the route were
intentionally withheld. The primary objective was to visit the designated rooms in the
specified sequence, tracing the dashed pathway illustrated on the map or within the
VR simulation (as depicted in Figure 3.3), all the while adhering to the route without
adopting shortcuts or diversions. It’s noteworthy that none of the participants had
previously visited the building. Participants were required to sequentially visit the five
designated rooms, with the list of rooms displayed on the left controller, featuring green
and red checkmarks denoting visited rooms. Participants were advised to maintain their
regular walking pace, refraining from running or walking excessively fast. Movement
within the scenario could be executed by walking or teleportation, guided by a yellow
dashed line traced across the floor. Upon entering a room from the list, a yellow circle
appeared on the floor, accompanied by a buzzer indicating the room has been visited.
The final buzzer prompted a "restart" command, transporting the participant back to
the initial starting position. The yellow dashed line can be turned on and off by pressing
the joystick on the right controller. In both the VR simulation and the map, each group
was granted an 8-minute period to prepare for the task. During the real-world tasks, an
observer recorded participants’ movements within the building, mapping their routes
onto a paper representation of the premises and documenting relevant variables.

Participants: 20 nursing students from FH Sankt Polten®| and Akademie fiir Gesund-
heitsberufe Wien®| participated in the study. Those who indicated their interest registered
via an online form. Participants who experienced VR training had an average age of
around 33.10 years(SD = 8.99). Those without VR training had an average age of
approximately 34.05 years (SD = 9.65). The overall average age for all participants
was approximately 33.58 years(SD = 9.22). Among VR-trained participants, 85.00%
were female and 15.00% were male, while in the no VR group, 95.24% were female and
4.76% were male. Interviews were conducted with seven participants who had undergone
training using the VR simulation. In order to encompass a broad spectrum of responses,
including those from individuals who exhibited better performance in terms of time
efficiency, and error rates, as well as those who encountered challenges during the task.
Additionally, participants with performance levels approximating the mean were included
in the interview pool. The interviews were analyzed using the qualitative content analysis

method as proposed by Mayring [May00].

https://www.fhstp.ac.at/de — Accessed July 2022
“https://gesundheit-studium.at/ — Accessed July 2022
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Results: Performance variation between VR and map-based learning to navigate was
characterized by VR companion participants emphasizing visual cues over room numbers,
finding the VR experience immersive. In contrast, map-based learners relied more on
room numbers for navigation. While VR companion offered benefits such as increased
engagement, challenges like motion sickness needed to be addressed in the design and
implementation of VR scenarios. Overall, the complexities of orientation and locomotion
revealed the need for further research.

Attention and Focus on Environmental Cues: Through our observations
and follow-up interviews, participants within the no VR group displayed a heightened
attentiveness toward room numbers, while their counterparts in the VR group directed
their focus toward visual cues encompassing glass doors, the door count between rooms,
and the room’s positioning relative to corners. Notably, the significance of room numbers
was notably diminished within the VR group compared to the no VR group.

Emphasis on Visual Cues in VR Training: VR companion group emphasized
on visual cues, as evidenced by their attentiveness towards the glass door situated at the
hallway’s end and the glass window positioned to the right. Furthermore, the majority
of participants conveyed a favorable assessment of the VR training experience, citing
attributes such as realism, novelty, enhancement of procedural skills, and heightened
focus as the pivotal factors contributing to their positive appraisal. One participant said
"Remembering the surroundings is much better when I experience it directly instead of
through pictures and videos" (p. 3). Some pointed out "more detailed visual cues would
have been helpful"(p. 9, 15).

Motion Sickness and Disorientation: In terms of the motion sickness encoun-
tered during VR training, the findings indicate that most participants did not encounter
significant issues related to nausea, dizziness, or fatigue. In general, approximately 20%
of the participants reported moderate to intense feelings of disorientation, while another
20% reported very intense or extreme sensations of disorientation. This suggests that
these challenges could potentially arise from the specific scenario design and the method
of movement within the virtual space.

Case study 3 - Medical Trolley Scenario

The study aimed to compare the effectiveness of VR training with printed materials in
assisting medical professionals in learning the placement of medical instruments on a
trolley for intubation. Participants in the VR companion group underwent training using
a virtual representation of the medical trolley and its contents. In the printed materials
group, participants received printed materials, including written lists and images of the
instruments and their correct layout on the medical trolley.
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Study Design: The study commenced by obtaining informed consent and registering
participants with unique IDs. Subsequently, participants were escorted to a waiting
area, where they were briefed on the study’s procedure, timeline, and objectives. To
optimize resource utilization and minimize wait times, the experiment was conducted
simultaneously with the spatial orientation scenario. Participants were randomly assigned
to either the VR or no-VR group for different experiments. VR group participants
were acquainted with the VR headset and scenario usage, while the no-VR group
received printed instructions. Both groups were allocated an 8-minute preparation period.
Afterward, they proceeded to the room containing the actual trolley. The researcher
reiterated task steps and addressed questions before participants performed the task,
with no time limit. Brief interviews were conducted with participants after the task to
gather insights.

Figure 3.5: The real medical trolley (left), the virtual trolley and the whole setup with
buttons (middle), and a detailed picture of the top of the trolley (right).

Task: The VR companion simulation included a room featuring a medical trolley
that accurately replicated the trolley used in the experiment, as depicted in Figure 3.5.
The objects within the simulation were positioned in the same locations as those on
the real trolley. Within the simulation, three buttons—Ilabeled "stencil," "check," and
"reset"—were situated next to the trolley. The "stencil" button displayed a diagram
illustrating the intubation instruments and their placements. Notably, the oxygen mask
was positioned within a basket on the left side of the trolley, while other instruments
were stored within its drawers. Participants were tasked with memorizing the locations
of 11 medical instruments required for intubation. Participants had to locate, pick up,
and position items onto the stencil using controllers. A counter kept track of the items
placed. The "check" button, initially grey, turned red when an error was detected and
green when everything was correct. The "stencil" button could activate or deactivate the
background stencil, as seen in Figure 3.6. Users had the option to practice without the
stencil, and the "reset" button restored the trolley to its original configuration by clearing
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Figure 3.6: Participant training in VR (left), participant’s view of the trolley (middle),
the buttons next to the trolley (right).

items and returning them to their initial positions. During the task, a researcher recorded
task completion time and requested hints, and errors using a protocol. After completing
the task, a photograph of the top of the medical trolley was taken for documentation
purposes and for further investigation during the interview.

Participants: The study was conducted with 21 participants, including nursing school
students, medical students, and nursing school teachers. Nursing students of FH Sankt

Poélten and Akademie fiir Gesundheitsberufe Wien were offered participation in the study.

They were drawn from the identical pool of participants who were recruited for Case
Study 2. Following the medical trolley task, 9 participants who underwent VR training
were invited to partake in semi-structured interviews. The selection was guided by task
performance, encompassing three participants who excelled, three who faced challenges,
and three who performed at an average level. The interviews underwent analysis through
the qualitative content analysis method proposed by Mayring [May00]. The transcription
procedure was uniformly implemented for all interview records. A collective effort of

three researchers was employed for the comprehensive analysis of the interview data.

Subsequently, each interview’s data categorization underwent a re-evaluation by at least
one researcher to arrive at the definitive categorization.

Results: The following themes have surfaced from the analysis of interview data:

Ease of Use and User-Friendly Nature: The majority of participants expressed
ease and comfort in using VR companion, highlighting its user-friendly nature and
quick learning curve. Within the VR group, the feedback regarding the medical trolley
training scenario was predominantly positive, with the majority of participants expressing
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satisfaction. Nevertheless, a subset of participants faced challenges due to reduced
accessibility, potentially linked to visual blurriness, as certain individuals couldn’t wear
glasses during the training.

Interaction and Learning Experience: The majority of participants found the
interaction to be straightforward, with a few expressing appreciation for the haptic
sensations associated with object manipulation, as opposed to mere textual learning.
Predominantly, positive feedback stemmed from the well-structured introductory tutorial,
aiding comprehension of interactions and fostering familiarity with the VR companion
environment. However, a notable concern pertained to the scenario’s interaction "Once
I got stuck with the hand in the drawers and also accidentally teleported myself" (p.
2). Additionally, few participants encountered challenges involving fine motor skills
while placing instruments on the trolley (p. 12, 16). Emphasis was placed on the link
between theoretical and practical knowledge, with the sentiment that such connections
imbued confidence, as a participant reported "You can gain confidence in situations when
theoretically learned, and then done practically in VR, then in real” (p. 4). Another salient
observation highlighted the significance of movement congruence during task preparation
and execution. A participant said " I was well prepared (for the exercise), I've seen it
before the exercise, it was then the same moves again” (p. 6). Suggestions for enhancing
the training included incorporating greater variety and realism |[This finding contributes
to Chapter 7, subsection |7.5: Cognitive and Emotional Support.] This could entail minor
adjustments to the initial object placement to emulate real-world imperfections.

Integration of VR Training: In terms of integrating VR companion training,
the majority of the participants advocated for its inclusion in the vocational school’s
curriculum. This integration could manifest through concentrated modules or regular
sessions featuring VR training. The virtue of practicing in VR prior to real-world
application was highlighted, with the concept of virtually enacting emergency scenarios
and subsequently replicating them, in reality. A participant said "Re-enact emergency
situations and then again in real life, i.e. first experience them virtually instead of just
explaining them" (p. 8)." The most frequently cited advantages encompassed improved
retention, the authenticity of VR training, and the absence of risk or fear. A participant
reported "Practical exercise helps me more than the theory" (p. 6). Another participant
said "The repetition makes it totally memorable. It’s really not the real world, but very
close. You are not afraid of making mistakes, trying things out, and training" (p. 12).
The main concern regarding the use of VR in education is the level of acceptance among
trainers and their knowledge of the technology which is a premise for successful integration
and application of VR in the curriculum. The majority mentioned that the trainers should
explain how the system works and then supervise the training, and do training evaluation.
A participant said "Ezplain - what will happen, explain tasks, clarify questions about
VR and be available" (p. 12). The proposition emerged that VR supervision could be
facilitated by a virtual representation of the trainer or through the trainer’s involvement
in a multiplayer mode.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.1. Professional Training with Single-User VR Companion

3.1.3 Discussion

Overall, users and trainers engaged in the experiments embraced the training with positive
sentiment. Realism, novelty, and fun emerged as primary positives across all groups, with
fun holding particular significance for apprentices. Better focus in the VR environment
was consistently cited by all groups, with participants highlighting the exclusion of
external distractions, leading to a heightened focus on the task. Initial challenges in
steering and navigation abated with time and effective tutorials. Overcoming these
challenges hinged on comprehensive guidance, clear goal explanations, and adequate
support during training. Participants suggested expanding scenarios and incorporating
varied difficulty levels while acknowledging the known limitation of haptic feedback in
existing VR HMD systems. In terms of technology acceptance, all scenarios were deemed
fun. The VR environment was perceived as closely resembling to reality, a critical factor
contributing to user acceptance ﬂm The electricians’ scenario received slightly
less positive feedback regarding ease of use, possibly attributed to participants from
diverse specializations requiring more time to grasp the training’s background.

Participants in spatial orientation and medical trolley scenarios trained in isolated,
controlled surroundings, receiving focused attention from a trainer (a researcher overseeing
the training). Conversely, the electricians’ scenario group practiced in settings like
classrooms or breaks, exposing them to more environmental distractions and noise.
Regarding user experience with VR conditions, all scenarios were perceived as clear,
efficient, and highly engaging. Distinctions surfaced particularly in perceptions of
complexity, ease, intrusiveness, and supportiveness of training. The spatial orientation
scenario in Case Study 2 appeared more complex and intrusive, while the medical trolley
scenario in Case Study 3 gathered praise for its supportiveness and excitement. All
movements could be seamlessly executed through familiar actions mirroring those in
the real world, such as walking, rotating, and interacting with objects by grabbing and
placing them. Despite teleportation being the recommended mode of movement to
alleviate cybersickness TPBT17], it presented challenges in scenarios involving
teleportation, leading to higher difficulties and disorientation, as indicated by the results.
Concern was echoed in interviews, where teleportation difficulties were cited in both
electricians’ and spatial orientation scenarios, likely contributing to these variations. One
potential explanation could be attributed to the frequency of teleportation required for
successfully completing the scenario. Participants noted the uniformity in the visual
design of the scenario, underlining the need for a greater variety of visual cues. For Case
Study 2, a participant criticized the guidance line leading to the next room, suggesting
that it might inadvertently encourage participants to follow the path without fully
engaging in the route’s comprehension and memorization. The findings indicate a
relative mismatch between VR training and tasks involving spatial orientation. However,
further investigation into this matter is needed, as our results partially diverge from the
conclusions drawn in the study by Konig et al. (2020) [KKC¥20]. Some participants
expressed a preference for authentic walking over teleporting, yet implementing this in
cases where virtual distances surpass available training space poses challenges. Moreover,
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Table 3.1: Benefits and Challenges of VR Training.

Overview

Parameters

Opportunities

Challenges

Accessibility

Learning

Acceptance

Motivation
to Use

VR training provides a safe
and accessible way to prac-
tice at one’s own pace with
more repetitions, leading to
increased confidence and less
fear of mistakes. Cybersick-
ness is rare.

VR training offers better fo-
cus and fewer distractions and
is effective for training proce-
dures and complex scenarios
that require the application of
knowledge. The similarity be-
tween the movements in VR
and real life promotes better
recall.

The majority of participants
(over 70%) were satisfied with
the VR training, over 85%
found it fun, and all but one
said they could imagine hav-
ing similar training in the fu-
ture. High presence, quality,
and low cybersickness indicate
high acceptance [Dav89).

VR training is enjoyable, novel,
and practical, requiring only
HMDs and scenarios. There is
a low fear of making mistakes,
and a safe space is provided
for practice.

While individual differences or
cybersickness can still be a con-
cern, providing good tutorials,
support, and familiarity with
VR beforehand can help pre-
vent these issues.

There is a possibility that risks
may not be taken as seriously
in VR training scenarios, and
trainers may have difficulty
learning how to use the sys-
tem in the classroom.

It may be challenging to find
motivated trainers and direc-
tors at vocational schools who
are willing to implement VR
training and potentially partic-
ipate as experts in the devel-
opment process.

Implementing VR training re-
quires extra organizational ef-
fort for vocational schools and
trainers, along with additional
costs for equipment and sce-
nario development and main-
tenance. Haptic feedback pre-
cision may be insufficient for
some tasks, and high realism
and detailed visual cues are
necessary.
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the medical trolley and electricians’ scenarios gathered greater overall satisfaction than
the spatial orientation scenario. These outcomes align with the research of Renganayagalu
et al. (2021) and Goérski et al. (2021), who identified procedural skills training as the
most prevalent and fitting content for VR-based training IGGBZ21]. Even
though it is possible to offer individual learning scenarios without the guidance of a
trainer, our results support the findings of Popovici and Marhan (2008) and Schwarz et
al. (2020) suggesting that VR training should be always supervised ISRKS20]. A
substantial majority expressed enthusiasm for integrating VR training into vocational
schools, especially for complex procedure practice in a safe virtual environment before
real-world application. Trainers should initiate, explain goals, be present during training,
and provide feedback. Interacting with the broader class through streaming was also
suggested. Integrating such a training system could face challenges from potential trainer
disinterest or lack of knowledge and substantial costs, maintenance, and technical hurdles.

The insights derived from the analysis of the three case studies allow us to address the
two research questions initially posed as follows:

RQ1: The findings from the case studies consistently highlight a strong sense of presence,
indicating that the VR companion is closely aligned with reality, a crucial factor influencing
user acceptance. However, certain technical elements within the training scenario, such
as the design of the measuring device, don’t accurately mirror reality. In terms of
user experience, the training scenarios garnered positive evaluations, being perceived
as engaging, captivating, and innovative. Participants found the VR-based companion
training to be enjoyable, with some characterizing it as an entirely novel and favorable
encounter. The interaction and navigation within the VR training environment garnered
praise for being intuitive, although some participants initially encountered challenges.
Most participants found the virtual environment easy to navigate and comfortable to
use, revealing a substantial level of acceptance for VR-based learning within professional
training. Nonetheless, the adoption of teleportation for movement exhibited problems in
scenarios requiring more extensive movement, leading to instances of disorientation. On
the whole, the study highlighted that procedural skills were particularly well-suited for
VR training. However, further investigation is warranted to ascertain the efficacy of VR
training for tasks that involve spatial orientation.

The limitation of haptic feedback precision in widely used VR systems is acknowledged,
rendering it inadequate for intricate activities necessitating precise motor control. These
findings come as no surprise, considering that the limitations of haptic feedback in
widely employed VR systems are well-established [PLST21]. Nevertheless, VR-based
companion training proves particularly effective for comprehending intricate scenarios
and refining complex skills, as it facilitates an enhanced grasp of interconnections and
broader contexts. Study participants also reported heightened concentration while using
VR and expressed a preference for trainer guidance and support. Our work implies that
supervisory oversight remains crucial for VR training, even though proficient users might
necessitate reduced assistance. Trainers recommended interactive tutorials and projecting
scenario content on large screens to alleviate their workload. However, the guardian
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system, which visually outlines the safe area, perplexed some participants.

Enforcing mandatory VR companion training might not be suitable, considering some
participants’ discomfort. Nevertheless, our work indicates that VR training can comple-
ment traditional methods effectively, albeit not replace real-world practice. Schwarz et al.
(2020) also affirm that VR training is meant to complement traditional training methods
[SRKS20]. Additionally, it was highlighted that VR-based training serves as a valuable
supplement and cannot serve as a complete substitute for real-world practice, a notion
echoed in the study by Bracq et al. (2019)[BMAT19]. The challenge lies in the expense
and creation of VR training content and equipment. Implementing VR training in
vocational schools, with shared scenarios developed by higher institutions, could mitigate
costs. Diversifying training content across difficulty levels and adapting it to different
knowledge tiers is advisable. Enhancing scenario flexibility and scalability contributes
to a more authentic training encounter. also emphasize the significance of
flexibility and scalability. Collaboration with experts is crucial for content development.
Thorough briefing, ongoing support, and trainer feedback are imperative for successful
integration. Overall, the study highlights that VR-based learning can enhance education
and training, while individual preferences and comfort levels should guide its introduction.
A concise overview of the primary findings related to the opportunities and challenges
associated with RQ1 is presented below in Table (3.1.

RQ2: Guidelines were created based on the challenges and opportunities that were
previously discussed:

1. When devising scenarios for VR companion training, it is imperative to adopt
a user-centered approach and involve experts and stakeholders throughout the
development process. This collaborative effort ensures the relevance and accuracy
of the learning content. Early involvement of prospective users in testing can help
unveil potential issues from their perspective.

2. An effective training scenario should incorporate multiple levels of difficulty to
offer an optimal learning experience that caters to all users’ motivation and skill
levels. Striking a balance between challenges and attainability is vital. To enhance
realism and the ability to learn from errors, the scenario should incorporate a direct
feedback mechanism.

3. Employing cutting-edge technology is pivotal for the training system’s success, as it
contributes to an immersive user experience and a strong sense of presence. Realism
and detailed visual cues play a crucial role in engaging learners effectively.

4. Single-user VR training holds particular promise for developing procedural skills,
especially in the context of safety-critical procedures. Complex scenarios that require
the integration of diverse knowledge and its practical application are exceptionally
well-suited for leveraging VR technology’s advantages. Active interaction with the
virtual environment fosters effective learning.
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5. During the initial stages of VR training, supervision by a trainer is highly recom-
mended to offer guidance and assistance. Starting with an introduction to the
technology and setting clear training goals is essential. Throughout the training,
users should have access to help when facing challenges and receive comprehensive
feedback upon completion. While trainers can provide supervision, the VR environ-
ment can also facilitate group exercises for shared learning experiences. Advanced
users can benefit from more independent and frequent practice.

6. To mitigate potential challenges during initial VR training experiences, users
should have the opportunity to familiarize themselves with the virtual environment
beforehand. This proactive approach can help prevent issues like cybersickness and
reduce stress and frustration levels.

7. Prior to integrating VR training into educational curricula, it’s essential to establish
a comprehensive guide encompassing the use of technology, including both hardware
and software. Utilizing video tutorials can be a time-efficient approach, saving
trainers from repeatedly explaining scenarios.

8. Clearly defining the responsibilities related to the maintenance of VR equipment is
crucial to prevent technical complications and ensure a seamless training experience.

9. Successful integration of VR training requires a dedicated place within the curricu-
lum. While it should not entirely replace existing practical exercises, the specific
mode of integration should be left to the discretion of trainers and vocational
schools to align with their unique contexts.

10. To ensure the efficiency and effectiveness of training, trainers themselves should
possess expert proficiency in using VR technology. They should be capable of
offering assistance when needed. The choice between training domain-knowledgeable
trainers or engaging external experts depends on the nature of the training, its
contextual factors, and the educational institution’s decision-making process.

Limitations This study exclusively examines the immediate outcomes resulting from
the utilization of single-user VR companion training prototypes, precluding any inferences
regarding the lasting impact of similar single-user VR training solutions. We acknowledge
that differences in interactivity may have influenced the level of engagement independent
of the characteristics of the companion. Future studies may benefit from the inclusion of
additional baseline conditions to further validate findings. Consequently, further research
is imperative to explore the effects over an extended timeframe. The investigation was
conducted within the specific context of vocational education, implying that the findings
might not be generalizable to other educational frameworks. Instances of participants
disregarding instructions to employ their assigned IDs when initiating the scenarios led
to complications in HMD calibration and rendered scenario logging data unsuitable for
study purposes. Additionally, compliance with COVID-19 regulations mandating the
use of FFP2 masks may have influenced the comfort of the VR training system and
contributed to issues with fogged glasses.
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3.1.4 Conclusion and Future Work

Our research delved into the advantages and impediments associated with the utilization
of VR-based companion for single-user training in the context of professional educa-
tion. The investigation encompassed the assessment of three distinct training scenarios
involving apprentices and nurses. Employing a combination of workshops, interviews,
and observations, the study sought to evaluate the efficacy of VR-based training. The
findings unveiled that VR training affords learners the capacity to engage at their own
pace and with repetition, thereby fostering increased self-assurance and diminished stress.
Nevertheless, individual disparities and cybersickness emerged as potential challenges,
which can be mitigated through robust tutorials and requisite support. The study further
unveiled that VR training holds the potential to enhance concentration and proficiency
in complex scenarios; however, the incorporation of error feedback is vital to sustain the
seriousness of learners’ engagement. Furthermore, the study revealed that embedding
VR training within educational frameworks demands organizational commitment and
additional expenditure. Nevertheless, the research highlighted an elevated degree of
acceptance among users, accompanied by constructive feedback, indicating the promising
prospects of VR training in the realm of professional education. Adopting a user-centric
approach during the development and testing of VR training scenarios emerged as a
pivotal consideration to cater to diverse user cohorts. Furthermore, trainers must pos-
sess a comprehensive understanding of the technology to offer proficient guidance and
assistance during training sessions. The insights and recommendations arising from this
study are poised to benefit organizations contemplating the integration of VR training
into their educational paradigms. Further research is warranted to explore its potential
in other spheres, expanding beyond professional education. A longitudinal exploration
of VR training’s lasting effectiveness, encompassing changes in learning outcomes and
knowledge retention across varying skill levels, is pivotal. The evolution of VR solutions
could encompass collaborative and gamification approaches, alongside the integration
of Al-based mechanisms for tailoring experiences to users’ proficiency levels. Enhanced
haptic feedback and novel interaction methods, such as sensor gloves, hold the promise
of augmenting the effectiveness of VR companion training interventions. Also, a detailed
evaluation of the proposed guidelines could be conducted in the future.

3.2 Skillab Companion

This chapter is based on our following publication:

Shahu, A., Dorfbauer, S., Wintersberger, P., & Michahelles, F. (2023, August). Skillab-
A Multimodal Augmented Reality Environment for Learning Manual Tasks. In IFIP
Conference on Human-Computer Interaction (pp. 588-607). Cham: Springer Nature
Switzerland.
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Augmented reality (AR) can be considered as an interactive, reality-based display en-
vironment that integrates actual and computer-based scenes and images to create a
seamless yet improved perspective of the world [TD92, Bar15l, [Azu97, [SDGI7]. Recent
developments in AR have a great deal of promise to be influential in many industries, par-
ticularly education and training. Chang indicates that various researchers have proposed
that AR can help learners improve their educational realism-based practices and increase
their eagerness to learn [CMM10]. Implementing AR in education and training is still
quite difficult due to problems with its integration with conventional learning methods,
the expense of developing and maintaining the AR system, and a general aversion to new

technologies [Leel2].

Pan and colleagues investigated how a virtual learning environment (VLE) could be
used in education to facilitate collaboration on learning, training, and entertainment
ﬂm. The findings showed that the suggested VLE could improve, inspire, and
stimulate learners’ comprehension of certain events that the conventional learning strategy
could not readily do. Under a virtually enjoyable environment, users can learn quickly
and with interest. Similarly, AR can be used to expand the user’s range of understanding
while simultaneously presenting facts and information in a real-world context [KRCI1].
Wang and colleagues examined the most recent advances and innovations in the field
of AR technologies in formal and informal learning [WCBT18]. They categorized the
benefits of adopting AR in training and education into the following three groups: a)
Learner outcomes—improved academic performance, higher drive for learning, better
comprehension, a good attitude toward learning, and increased satisfaction; b) Pedagogi-
cal contributions and interactions—improved enjoyment, boosted learner engagement,
encouraged curiosity, offered chances for collaboration and encouraged self-learning; and
c¢) Other—enables the visualization of oblique or abstract ideas, is simple for learners
to use, and requires less material. Similar research has been done by Tang, but the
effectiveness of learning compared to conventional methods has not been thoroughly

examined [TALIS].

With the recent COVID-19 pandemic, when people have limited access to and contact
with in-person learning facilities, systems based on AR offer the flexibility to pick up
new skills without depending on an expert. This makes learning increasingly hands-free
and immersive. Users are able to do the activity using both hands while still paying
attention to the task instructions. This technology has the potential to offer audio and
visual feedback at the appropriate points in the learning process. Also, the tangibility
dimension is necessary to fully appreciate skill-building in digital systems. For example,
in order to simulate the sensation of blending paint with a finger, built a special
tangible display that resembles liquid for mobile, digital color mixing. EMS has been used
to collaborate on the creation of visual art pieces. Authors used EMS to simulate the
process of painting, allowing the audience to direct the artist’s brushstrokes [CLFHIS].

To contribute to the field of AR education and learning, we introduce Skillab Companion,
an “AR-based craft-work learning system”. It enables learners to follow a step-by-step
tutorial for learning and developing floor lamination skills while using real-world tools
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and objects to promote learning and playful experiences. Utilizing computer vision to
examine their progress, Skillab uses AR to deliver in-situ feedback. Using Skillab, we also
demonstrate how muscle actuation methods can be leveraged to offer haptic assistance for
guiding motoric action. We used a simple hammering demonstration to gauge people’s
initial impressions of on-body actuation technology. Thus, our multi-model system
includes visual, auditory, and haptic components in its distinct learning processes. We
compared it to the printed manuals as many toolkits on the market still come with a
lengthy and complex printed manual of instructions. To learn the skill, users are expected
to read through the illustrated instruction manual and make sense of it. In order to
further enhance our AR-based solution, we compared the advantages and disadvantages
of print instructions with AR. Our research questions are exploratory in nature:

« RQ1:What are the key advantages and challenges of the "AR-based craft-work
learning system" approach to skill-building compared to traditional instructions?

e RQ2:What aspects of the Skillab companion seem to assist and encourage learning?

e RQ3:What impact do multi-modal feedback interactions have on the user experi-
ence?

To evaluate Skillab, we implemented floor lamination as the craft in a between-group
study with 20 participants. While one group followed traditional paper instructions, the
other group completed the tutorial using the Skillab application. We calculated multiple
performance indicators and discovered that participants using Skillab made fever errors
when re-creating the task. Participants using Skillab reported a better user experience,
based on the evaluation of video recordings and a post-experiment survey. However, some
participants reported issues with the Skillab tutorial and provided valuable feedback for
improving the system.

We contribute with a) the concept for a novel AR-based application incorporating muscle
actuation technology to learn craft-work; The research’s novelty resides in its ability to
deliver muscle actuation feedback without sacrificing user agency; b) user study results
that show how users can interact with our application and what kind of feedback was
found to be useful; ¢) insights on how people can be encouraged and inspired to learn new
skills by utilizing immersive environments. As a result of their improved user experience
and engagement with the AR-based system, our participants expressed a greater interest
in using it to learn new skills.

3.2.1 Related Work

Through immersive experiences and multi-modal feedback including muscle actuation,
our work aims to teach users how to laminate a floor. We draw upon the following

theoretical constructs [KNB19)]:
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Structure-Behavior-Function framework (SBF) : SBF divides complex systems
into three categories: structure, which consists of the fundamental parts and their
connections; behavior, which describes how each element of the structure behaves both
individually and collectively; and function, which describes the goal of the system as
a whole or its parts [HSMLO7]. With this three-pronged strategy, the SBF framework
may methodically draw users’ attention to essential elements of the craftwork and assist
them in dissecting and visualizing the relationships that are often difficult to understand
ﬂm. The SBF framework is put into practice by Skillab companion. It explains
each component’s role in relation to the others clearly and step by step.

Constructionism : According to this learning theory, learning occurs "felicitously"
when learners create and tinker with tangible objects [PH91 [Sta05]. We employed AR
technology because it allows users to interact with real tools and objects.

Scaffolding : Scaffolding can come in a variety of ways, from suggestions for task
breakdowns to coaching and prompts, all of which aid learners in completing work that
might otherwise be too difficult [QRD™18|. We offered users AR-mediated scaffolds that

make conceptual understanding and craft design simpler.

Skill-building and AR

The most common method of learning a craft is through an apprenticeship, which involves
observing an expert craftsperson and getting feedback as the skills are repeatedly practiced
[Gam01]. Undoubtedly, having an expert present provides for professional demonstration
and personalized comments. Nevertheless, the current traditional approach has a number
of drawbacks. The apprentice has a high level of dependence on the instructor because
the majority of learning is done through observation [CBNI8|. A skilled practitioner
might have to repeat something multiple times because a learner might not be able to
comprehend and remember it [OZ10]. The COVID-19 pandemic has shown that physical
presence is not always possible. In the conventional learning process, it takes a while for
a student to finish each task or activity. This makes the actual learning process dull and
uninteresting. The traditional method’s constrained viewing angle can lead to learning

difficulties. Additionally, learners find it difficult to visualize bodily motion in its entirety.

Nawahdah and Inoue created a system that interactively modifies the learner’s point of
view and displays the instructor’s mobility in a 3D virtual environment, suggesting that
the system increases the effectiveness of learning [NI12]. Anderson introduced a system
that shows the difference between learners’ motion and instructed motion by employing
an augmented reality mirror to teach full-body motion. When compared to traditional

video learning, the system performed better in terms of learner performance [AGME13].

Iyobe described and assessed a mobile virtual traditional crafting presentation system
that consists of a Content Browsing Mobile application and a content management web
application [IIMT16]. The former offers a wide range of conventional craft information
and a strong sense of immersion through AR content. The latter controls how the Content
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Browsing Mobile Application handles information on traditional crafts and techniques.
Hiyama approached with the intention of skill transmission and preservation, but in a
more integrated manner using a variety of sensors, giving the numerical tacit knowledge
of professionals a closer look [HOMT13|. They developed a comprehensive framework for
artisanship’s digital preservation. For Kamisuki (Japanese traditional craftworks), they
employed projection-based augmented reality displays that superimposed expert motion
on the wooden tool. The quality of the paper produced by learners and the performance
of the coaching expert were both enhanced by quantized motion data presentation.
Thus, interactive simulation systems show potential in improving learners’ conceptual
understandings [ZA03] RIP99]. Drawing from all of these strategies, Skillab stands out
due to its emphasis on user experience, muscle actuation technology, and step-by-step
real-time scaffolding.

Electrical Muscle Stimulation

EMS mimics the body’s natural electrical impulses by introducing a small electrical
current into the muscles, which can cause muscle contraction and, as a result, movement
of the body [PDR16]. A calibration procedure is necessary to ensure pain-free
functioning because the amount of force needed to activate a muscle varies between body
parts and users [KAH18]. Due to the fact that EMS directly writes to the muscles creating
motor movements, it can offer a variety of unique interaction scenarios. It can be used
to offer haptic feedback [LB20] by varying stimulus parameters (i.e., amplitudes, pulse
widths, frequencies). In an augmented reality tennis game, Jain and colleagues used EMS
on the wrist muscles to simulate the impact of a ball striking a racket [JSBIT]. Impacto
used EMS in conjunction with tactile feedback (a solenoid tapping the skin) to replicate
the feeling of striking or being hit in VR boxing [LIB15]. Lopes showcased a mobile device
that uses EMS to provide mid-air force feedback for Mixed Reality games and experiences
[LYIB18]. Their solution was centered on the HoloLens headset, which frees users’ hands
and enables them to interact fully with both virtual and real-world objects, including
furniture, appliances, and props. According to Faltaous, EMS is effective in eliciting a
prompt response while enabling users to concentrate on their task, as demonstrated by
the reduced over-crossed distance and improved reaction time compared to visual and
auditory feedback [FNGS20]. Before any physical contact with objects occurs, Lopes has
used EMS to build affordances for objects that do not express them adequately otherwise
[LJB15a]. Similarly, EMS has been used to provide force feedback for walls and heavy
objects in virtual reality [LYC¥17al, to improve human reaction speed [KNLI9a], and to
control the up- and downward movement of another human’s arm [KSTT5].

EMS was also used for assistance and training. Ebisu and team, for instance, regulated
users’ movements by actuating both their arms and legs to teach users how to play
percussion instruments [EHOIS8]. Even though there were no professional percussionists
present, the students were nevertheless able to pick up the rhythm. One hand’s beat and
the rhythm of both hands can be taught to students at the same time. It was possible
to play drum beats that required both arm and foot motion. Unfortunately, there is
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a trade-off between the sense of agency and haptic support [TNLK22]. Shahu brought
attention to the significance of maintaining user control [SWM22a]. Hence, based on the
literature, it was crucial that we keep the user’s sense of agency intact when they engage
in activities with Skillab in order to provide them with a more authentic experience
[SWM22b|, [FKS22]. For Skillab, we adopted a wake-word activation method in our study,
for users to have the upper hand and control over the system.

3.2.2 Skillab Prototype

We introduce the AR-based learning application “Skillab”, a Unity 3D-based program that
includes the Vuforia Engine 10.8 as well as the Microsoft Mixed Reality Toolkit MRTK.
It utilizes Microsoft Hololens 2 as the digital eyewear for the prototype development.

Development

AR-based System: The AR environment displays step-by-step explanations including
a textual summary, an illustration, and a recorded voice-over. An exemplary step with its
description can be seen in Figure Four sections make up the instruction panel. First,
there is a progress bar at the top that displays how far you have progressed, followed by
a text description on the left of the panel. On the right, there are graphics that illustrate
the task at hand and the tool needed.

Progress: 37%

Place the 1. laminate tile (the
marker in the left corner)
parallel to the wall with
approx. 1cm space between
the wall and tile. If finished
take the 2. laminate tile and
scan it.

Figure 3.7: Instructions board with step-wise descriptions. Example: “Place the 1.
laminate tile (with the marker in the left corner) parallel to the wall with approx. lem
space between the wall and tile. If finished, take the 2. laminate tile and scan it.”
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The primary functionality of the AR Guide, the detection of actual objects in the real
environment, is made possible by the Vuforia Engine. The framework offers a marker-
based detection called VuMarks. VuMarks are completely self-customizable markers that
encode a variety of unique IDs into one marker design, comparable to QR-Codes. In our
scenario, there are nine separate tools and items with individual VuMarks. Detecting
a VuMark is rather easy; all that is required is for the user to hold the object and look
directly at the marker through the Hololens at a distance of approx. 20 to 30 cm. When
the marker is successfully detected, an event is triggered, a sound indicates that the
scanning was successful, and the appropriate task instructions are displayed.

The user can interact with the visualization and holograms via touch or speech in addition
to seeing them through Microsoft’s Mixed Reality Toolkit MRTK 2. Importantly, the
Interactable component, which capsules the input and event handling, was employed
10 An example of how it is employed is the voice command that participants used to
start the guide. Following a brief explanation of the craft, users must speak "Vumarks'"
in order to start the application. It creates the impression that someone is observing
them and understanding what they are doing. The Manipulation handler, which makes
it possible to move, scale, or rotate a hologram, is another crucial component. In our
case, this makes it possible to move the screen, which displays the instructions for the
current work at hand, to the user’s desired location for looking up the information'!.
The AR Environment incorporates both functional software and simulated functionality
through a Wizard of Oz methodology, further described in Section [3.2.3.

EMS: The hardware for the EMS is an off-the-shelf, medically approved device we
connected with Adafruit Feather 32u4 Bluefruit. Additionally, it has two channels, with
channel 1 controlling the contraction of the biceps and channel 2 the contraction of the
triceps. With the help of relays, it was feasible to turn the EMS channel on and off.

Using the Arduino software IDE for programming, we first set pins 6 and 9 to output.
Following a 1000ms delay, we toggle both pins high and low, causing the arm to move
upward when high (Figure 3.8a) and downward when low (Figure [3.8b). The muscle is
actuated for a period of 1000ms, either lifting or dropping the arm up or down. Since
this is a subjective parameter, it can be altered for each participant if they are unable to
work at this pace during calibration. This time period was found to be the ideal time for
the majority of people.

Ohttps://docs.microsoft.com/en-us/windows/mixed-reality/mrtk—unity/mrtk2/
features/ux-building-blocks/interactable?view=mrtkunity-2022-05 — Accessed July
2022

Yhttps://docs.microsoft.com/en-us/windows/mixed-reality/mrtk—unity/mrtk2/
features/ux-building-blocks/manipulation-handler?view=mrtkunity-2022-05 —
Accessed July 2022


https://docs.microsoft.com/en-us/windows/mixed-reality/mrtk-unity/mrtk2/features/ux-building-blocks/interactable?view=mrtkunity-2022-05
https://docs.microsoft.com/en-us/windows/mixed-reality/mrtk-unity/mrtk2/features/ux-building-blocks/interactable?view=mrtkunity-2022-05
https://docs.microsoft.com/en-us/windows/mixed-reality/mrtk-unity/mrtk2/features/ux-building-blocks/manipulation-handler?view=mrtkunity-2022-05
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Design

When the AR software is first launched, users enter the Instruction mode, where they see
an instruction screen and hear a voiceover outlining the goal and subsequent steps. After
uttering "VuMarks," the users enter the Demo mode, where the basic controls, such as
moving and understanding the layout of the instruction panel (Figure 3.7), are described.
Only 35% of the participants in our study (see Section |3.2.3) have experimented with
augmented reality using digital eyeglasses like the Hololens, it was crucial to give the
participants adequate time to become familiar with the controls and the technology. The
demo mode instructs the user to scan the first required object after explaining how to
scan things to fetch further details. After selecting the appropriate tool, a transition that
the user cannot see occurs, and the main guide, which gives a detailed explanation of the
process starts.

Since individuals complete tasks at a different pace, some people may need more time to
review the task, whereas others may finish it faster by merely listening to the voiceovers.
Therefore, automated skipping, for instance, depending on the time is impractical.
Therefore, the Wizard of Oz technique is chosen for some parts. It offers the user a wide
range of benefits, including the freedom to work unhindered throughout the creation of
the craft and smooth transactions between processes. The participant is given instructions
to grab the new object, scan and use it till the final step. The EMS tool is activated over
a Wizard of Oz voice command if it is the final step, the step when the user must use a
hammer to fix the tiles. This guarantees that users have control over when they wish to
begin and stop allowing the system to actuate their muscles. Therefore, to start or stop
EMS, the user must say "Start EMS" or "Stop EMS" respectively. In the final step of
the guide, where the laminate tiles must be secured so they are not simply clicked but
settled together, the EMS system aids the participants. As shown in Figure |3.8al and
3.8b, the fixing is done by pounding on a woodblock that is positioned at the short side
of a laminate row. Two muscles, the biceps and triceps, must be alternately activated to
replicate the arm movement of hammering. Consequently, two electrode patches are each
placed on both muscles.

3.2.3 User Study

A portion of the study used the Wizard of Oz technique, due to the fact that every
person requires a varied amount of time to finish a task. VuMarks were used to automate
the scanning and consequently the identification of the tools and objects. Whereas the
wizard pressed the key once the user had finished a step to display the next step using
an obscured keyboard, it gave the impression that the system had fully understood the
user’s actions. By moving on to the next segment of the guide at the appropriate point,
the Wizard assisted the participants. The Wizard of Oz technique creates the idea that
the AR Environment is responsive in nature. Because of this, the participants get a good
guided laminating experience, allowing them to completely concentrate on the craft. The
process of laminating the floor was condensed into 10 basic steps with 4 tools and 8 pieces
of material (Figure 3.9a). The primary goal was to gradually introduce the fundamental
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EMS Setup
AR Headset

8 Electrode
Patches

(a) EMS supporting the arm up (b) EMS supporting the arm down

Figure 3.8: Participant receiving EMS assistance in the last tutorial stage.

procedures for this craft so that one can later effectively recreate the laminating process
on their own. As seen in Figure |3.9b|, the finished product of the guide is a small space
where the participant learned how to prepare the floor, laminate, and fix four tiles.

Procedure

We divided the participants into two groups (between-subjects experimental design).
In order to maintain an even distribution of sample sizes between the two groups, we
used block randomization to divide the participants. One group received the AR guide
with EMS, while another received paper instructions with identical textual descriptions
and graphics in the same exact order. We made sure that the environment was set up
uniformly for each participant, so we put all of the equipment and materials that came
with the VuMarks on a table next to the area where they would laminate the floor.
Everyone began at the same location, which was marked with a cross on the floor.

A brief oral introduction explaining the objectives, tasks, and safety precautions for
muscle actuation was given to the participants. Next, they read and signed the consent
form. For the participants in the Skillab group, the study started with the calibration
of the EMS system, which comprised setting the electrodes in place and calibrating the
pulse rate and pulse width. The last two parameters fell between 170-180us and 45-50hz
respectively. The study proceeded with Hololens built-in eye calibration. Following this,
the program was started and the participants were requested to follow the instructions.
The moderator served as both the judge who evaluated the end result using the well-
defined and structured rating schema (see Section |3.2.3)) and the wizard who ensured
that the guide continued at the proper time. After finishing the guide, the participants
filled out the User Experience Questionnaire (UEQ) while the laminate was taken apart
and placed back on the table. The participants re-did the lamination in an evaluation
round without any instruction after a 10-minute break. The judge evaluated this round
as well. Participants in both the Skillab vs. paper instructions groups completed the
same surveys and underwent the same two-round process. Both rounds of the lamination
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(a) All tools arranged on a table (b) Space for testing out the lamination

Figure 3.9: User Study Setup.

process were evaluated and graded using a rating schema for both groups.

Participants

We had a total of 20 participants (10 female, 10 male) ranging in age from 21 to 32 (M
= 23.7, SD = 2.3) years. We found them through word-of-mouth and online forums via
our university courses. 16 out of the 20 participants reported having no prior experience
at all of laminating the floor, whereas 4 had some passive experience. These 4 people
had merely observed as someone installed laminate flooring. In addition, 7 people have
used digital eyewear to experience augmented reality. None of the 20 participants have
ever engaged with EMS in any way.

Measurements

Both quantitative and qualitative measurements were computed throughout the user

study. Every floor lamination round was videotaped, and the interviews were audio-taped.

Quantitative: As a quantitative measurement, we recorded participants’ completion
time for each round (first round: learning time, second round: evaluation time). In order
to compare and evaluate the final outcomes and the accuracy of the processes, we built a
scoring rating schema. First, we simply determined whether or not each step had been
applied correctly. If it wasn’t correct, we took note of what went wrong, which advice
was required, and how many pieces of advice, so that one error wouldn’t affect the entire

subsequent craft. There were a total of 9 steps that might be either correct or incorrect.

Next, we evaluated two components that were critical to the overall aesthetic and level
of craftsmanship. First was the grading of the clamps; these were the spaces between
the laminate tiles and the wall where a toeboard would eventually be mounted. Each
participant in this stage was supposed to set a stack of clamps every 20 cm, at least 4
stacks of clamps. The clamps must then be turned correctly, that is, horizontally rather
than vertically. For instance, if a participant adds at least four clamps in the proper
direction, they receive a maximum score of 7 (Figure . As shown in the
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(a) Craft with a score of 19 out of 21 points.  (b) Craft with a score of 14 out of 21 points.

Figure 3.10: Sample craftwork from the study participants.

participant used fewer clamps and turned them in the wrong direction, hence the rating
was low. The laminate tiles could simply be clicked together while laminating the floor,
but hammering was required to secure them so that there was a seamless integration
between them. Therefore, we gave it a maximum of 7 points if all of the tiles have been
hammered and clicked into place (see Figure 3.10a)), and only 3 points, for instance,
if there are still tiny gaps. The rating of the craft’s overall appearance came last; it
considered the ratings of the clamps and the tiles as well as the alignment of all the tiles,
including whether or not the ends are parallel. Again, the process was performed in both
rounds (first round: learning rating, second round: evaluation rating).

Qualitative: The following topics were covered in our final semi-structured interviews:
(1) General impressions (2) Learning-enhancing parameters (3) Experience with EMS (4)
Pros and cons of the overall system covering the assistance or guidance they preferred;
(5) Recommendations. We used the thematic analysis method to categorize and sort
interview data. The core team consisted of four researchers (three females, and one
male) with experience in HCI research. We used an online whiteboard tool (Miro) to
facilitate discussion and categorization. Together, the four of us coded all of the interview
transcripts. In accordance with various codes, we highlighted specific phrases using colors.
We examined the codes we generated, searched for patterns among them, and developed
themes. We got back to the data set and cross-verified our themes to make sure they
accurately reflect the data and are valuable.

3.2.4 Results

We present a detailed evaluation of the obtained results. Statistical comparisons were
carried out using IBM SPSS Version 27, and the results are reported as statistically
significant at p < .05. Based on the Shapiro-Wilk test, all data followed a normal
distribution. We conducted an independent sample t-test for the two conditions, Skillab
companion vs. paper instructions. We also conducted a pairwise t-test between the
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training and the evaluation phase for both conditions. For the qualitative data, we
categorized and sorted information using an affinity diagram. We sought to make sense
of all the notes, observations, and discoveries we had recorded via the interviews by using
themes to categorize the data and build throughlines.

Quantitative Data: Timing and Accuracy

In the Skillab tutorial, participants spent more time following every step of the instructions
compared to the paper manual, where some parts were skipped or combined. Participants
could complete the evaluation round considerably more rapidly than the learning round in
both conditions because we chose a task that was reasonably simple. For Skillab and paper
instructions, total learning time vs. total evaluation time scores are strongly and positively
correlated (r = 0.654, p = 0.020), (r = 0.583, p = 0.039) respectively [ This finding
contributes to Chapter 7, subsection |7.3: Personalization and Adaptability.] There was a
significant mean difference between total learning time and total evaluation time scores
for both Skillab (t = 17.533, p < 0.001) and paper instructions (t = 7.194, p < 0.001)
tutorials. The task’s repeatability following the learning phase was quicker, demonstrating
reasonable levels of learning. A paired-sample t-test was conducted to compare the task

performance score in the evaluation phase of Skillab and paper instruction conditions.

There was a significant difference in the overall rating scores for the Skillab condition
[t(9)=-2.805, p = 0.021]. There was not a significant difference in the overall rating scores
for the paper instructions condition [t(9)=-.474, p = 0.647|. For Skillab participants,
the recreated craft work was of higher quality than the paper instructions (Figure 3.11a
and |3.110) |/ This finding contributes to Chapter 7, subsection |7.3: Personalization
and Adaptability.] An independent-sample t-test was conducted to compare UEQ scores
between the two conditions. There was a significant difference in the scores for both

pragmatic items (t(18)=, p=0.034) and hedonic items (t(18)=, p=0.030) conditions.

The pragmatic and hedonic item’s values are higher for Skillab [(M=0.925, SD= 0.457),
(M= 2.7, SD= 0.346)] compared to paper instructions [(M=0.525, SD= 0.463), (M=
2.4, SD= 0.316)] respectively. Overall ratings of the UEQ score were also significant
(t(18)=, p=0.015). The overall item’s value was higher for Skillab (M = 1.812, SD =
0.307) than paper instructions (M = 1.462, SD = 0.358). This demonstrated that the
immersive multi-modal setting and playful learning style did have a substantial impact
on the user experience. A two-sample t-test was performed to compare the total time
taken in Skillab and paper instructions conditions|[This finding contributes to Chapter 7.
subsection |7.5: Cognitive and Emotional Support./ There was a significant difference in
the training phase between Skillab (M = 10:52, SD = 1:30) and paper instructions (M =
8:44, SD = 2:25); t(18) = -2.364, p = 0.015.

In a nutshell, Skillab requires more time investment from participants than paper
instructions. The negative t-value and low p-value for the comparison of means suggest
that this difference is unlikely to be due to chance. The positive correlations between
learning and evaluation times in both conditions provide evidence of the consistency of the
task across participants and the fact that participants who spent more time learning the
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task also tended to perform better in the evaluation phase. The paired t-test comparing
overall rating scores in the evaluation phase between Skillab and paper instructions shows
that participants who used Skillab had significantly higher ratings than those who used
paper instructions. The negative t-value and low p-value suggest that this difference is
also unlikely to be due to chance. The independent-sample t-test comparing UEQ scores
between conditions shows significant differences in both pragmatic and hedonic items, as
well as overall ratings. While these findings support Skillab companion’s effectiveness,
practical significance, and generalizability should be considered. The findings are based
on a specific task and a specific group of participants, so one should be cautious when
applying them to other contexts or populations.

Qualitative Findings

Post learning and evaluation sessions, we conducted a brief interview with all the
participants. We were interested in knowing what interaction helped them learn and
what didn’t. The following are the themes that emerged from the analysis:

Convenience with Hololens: Skillab enabled hands-free tool interaction. Paper
instructions required a lot of back-and-forth reading of the step-by-step instructions. One
could position the panel on the Hololens however one chooses in the field of view or
according to convenience [This finding contributes to Chapter 7, subsection |7.53: User
Autonomy and Control./ This improved the user experience overall by providing a more
fluid and unhindered transition from one step to the next. One participant said "I had
the paper instructions, and then I left them on the table, so I always had to go back."
Another participant said "With the Hololens I always had the instructions close by if 1
needed to look at them."

Interesting and exciting: The novel way of working with AR technology to learn a
new skill was interesting and exciting for our participants. The Vumark scanning and
identification were described as gamification by many participants. An auditory response
signaled that the scanning had been successful. One said "It was more like playing games
than actually doing work." Another participant said "Especially when laminating the
floor, which is, I think, not so a fun task. Actually, it was just a lot more fun to do it
with the Hololens."

Interactivity: Users had the impression that the system understood them and responded
to them because they received confirmation after each step. The system provided ideas
for error rectification when users picked up the wrong object and scanned it |[This finding
contributes to Chapter 7, subsection 7.3: Cognitive and Emotional Support.| One
participant mentioned "I couldn’t choose the wrong thing. So it prevents making some
mistakes, and also you have this Learning by Doing and getting rewards feeling.” Some
participants described having a companion who "has your back” so that they are not left to
complete the activity alone. Some people claimed that receiving visual, audio, and tactile
feedback at various stages aided in greater comprehension [This finding contributes to
Chapter 7, subsection |7.3: Collaborative and Relational Design.|
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Paper is more flexible and self-paced: Some reported when compared to the print-
out guide, the tutorial’s step-by-step breakdown through Skillab makes it easier and
more beginner-friendly. This was not only presented as a pro argument but also as a con
argument for those who favor skipping steps and doing them all at once. The printable
instruction allows for customization by skipping or combining steps, however, the Skillab
session does not. Some people said they wanted complete control over the process [This
finding contributes to Chapter 7, subsection |7.5: User Autonomy and Control.) One
participant said "I think the step-by-step guide is nice because you can’t skip a step that
easily like when you have to place these little markers (clamps). For example, I almost
forgot it in my first round." On the other hand, one mentioned "I think this was the main
difference for me, so in the printout version, I always looked like two or three steps ahead,
which I couldn’t do with the Hololens."

EMS helpful in a foreign context: Participants highlighted the significance of using
muscle actuation techniques when performing unfamiliar movements that are crucial
to the job|[This finding contributes to Chapter 7, subsection |7.5: Personalization and
Adaptability.] Some participants reported it helpful to use EMS as a support system for
an entirely new interaction. They reported no compromise of the sense of agency. A
participant reported "If someone doesn’t know how to make the movement, it really helps
to learn it too because it gives cues, and you can then start yourself like amplifying these
moves, but it gives you a very good hint of how to do things."

Assistance with power-demanding tasks: Some participants stated that when it
comes to craftwork that needs higher power and heavier lifting, muscle actuation technology
could be useful |[This finding contributes to Chapter 7, subsection |7.5: Collaborative
and Relational Design.| It can, therefore, be employed as a method for supporting and
strengthening muscles rather than just nudging the user in the right direction. One said
"I also think that this could greatly improve motor skills for elderly people, maybe because
they can’t just throw the hammer up and down. Maybe that’s also for them.".

Experiencing a sense of overload: Some participants initially found it difficult to
understand how to accomplish some sub-tasks, but this changed as they became more
accustomed to using Hololens |[This finding contributes to Chapter 7, subsection |7.5:
Cognitive and Emotional Support.| One participant said "I mean, at the beginning, it was
a little bit overwhelming, so because everything was new and never worked with, one of
those things. And at the start of the exercise, it was a little bit difficult for me to look at
the charts here and listen to what it was saying and also do it." Some people worry that
if the technology fails, they won’t be able to fix the problem and will have nothing left to
complete the job. A participant showed concerns by saying "Maybe if there are technical
issues with the Hololens that maybe some people rely on the Hololens and do not know
how to do it without it and they cannot work without it."
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3.2.5 Discussion

We have endeavored to understand the primary advantages and challenges of the "AR-
based craft-work learning system" approach to skill development throughout this study.
We discovered that learning occurred for the floor lamination activity using both Skillab
application and paper instructions. In the following, we discuss our results in relation to
our research questions.

Skillab companion vs. Traditional Paper Instructions

Using Skillab, participants took longer to finish the floor lamination task during the
learning phase (learning time) compared to paper instructions. There could be multiple
reasons for this observation. First, participants using Skillab had to frequently “scan” ob-
jects which took some time. Second, Skillab used the SBF framework, where participants
were introduced to the tools, parts, and steps required for floor lamination. According to
the Constructionism theory[Hin02], when learners construct and interact with physical
objects, learning happens "felicitously." However, during the evaluation phase (evaluation
time), both groups were able to repeat the task more quickly, demonstrating optimal
levels of learning. According to the systematic rating score (learning vs. evaluation
rating), the Skillab training showed a significant improvement, in contrast to the paper
instructions learning. Despite no differences have been found when solely looking at the
accuracy of the individual steps (a high number of steps have been carried out correctly in
both conditions, i.e. learning vs. evaluation correct), this indicates that Skillab provided
them with a deeper and more thorough level of learning to reproduce a high-quality craft
work. AR-mediated scaffolds may be accountable for this. Every object and tool included
both visual and audio instructions that described how the work was broken down and
led users to the next step.

Advantages of Multi-modal AR Learning Environments

Despite the lack of statistically significant differences for some of the obtained parameters
(in particular, learning and evaluation time and correctness), the learning process with
Skillab was more controlled — participants using paper instructions used different strategies
on how they approached the task. For example, some participants skipped some steps,
and others combined steps and performed multiple at once. For floor lamination, this
might not per se be a problem, but for learning more sensitive tasks like maintenance of
Airplane engines, environments such as Skillab provide more fine-grained control over
the process. This could help to reduce the effort of teachers in such areas as they would
need less time monitoring their trainees while being able to focus on other aspects of
training. Furthermore, Skillab offered participants an improved overall user experience
than paper instructions, based on UEQ scores and follow-up interviews. Because AR
enables hands-free interaction, our participants found it convenient to use in parallel
with the floor lamination task. They were not required to alternate between reading and
work completion. They also stated that the auditory feedback was quite helpful. Overall,
they described the experience as enjoyable and fascinating; they felt as though they had
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a partner who helped them through the entire lamination process, who understood them,
and who responded in accordance with their actions and needs. The Skillab system’s
steadily immersive and interactive features appear to support and promote learning. This
is in line with the previous research work [ZA03] [RTP99].

The majority of the individuals responded favorably to EMS. None of our participants
who used the EMS system mentioned feeling a loss of agency. It might be because
we only turned the system on and off in response to voice commands from users. It is
consistent with earlier research on the importance of preserving user control by Shahu and
colleagues [SWM22a|. Participants believed that because they were already accustomed
to hammering, the novelty of the system would be greater for an altogether unfamiliar
motor movement. Despite the fact that Skillab provided a better overall experience, some
participants emphasized that paper instructions are more adaptable. They are simpler to
customize. Instead of following the process step-by-step, they might skip or combine some
parts and study the entire instruction set first before even starting with the hands-on
work. Due to their lack of experience with the Hololens setup, some participants first
felt overwhelmed. However, they said that they quickly grew accustomed to it. Overall,
Skillab companion acts as a good place to start when thinking about developing powerful
immersive skill-building tools that promote craftsmanship. The companion experience,
which aimed to integrate visual guidance (AR) with tactile, body-based feedback (EMS),
successfully promoted a more immersive and physically grounded learning process

Limitations and Future Work

For this work, we had to deal with various limitations. First, concerning the technical
setup. Skillab has limited accuracy and range as given by the used Hololens device and
development frameworks. Additionally, calibration is needed for both the integrated EMS
components and AR vision. Future research is needed to improve and partly automate
such calibration steps. Also, the subsequent steps were triggered by a Wizard-of-Oz, while
a real system would need to detect not only individual objects but also task boundaries
and crafting quality to be able to switch between different “learning paths”. Second, some
limitations concern the user study. We did only compare Skillab to paper instructions.
Previous research has already shown the advantage of AR over video tutorials in assembly
tasks [LQB16]. The improvements in user engagement and perceived competence are
likely the result of the combined use of AR and EMS, however, future research is needed
to isolate the individual impact of each modality through controlled, comparative studies.
Also, in future studies, we aim to improve Skillab according to the provided interview
statements and perform an extensive cross-comparison between different learning methods,
including videos, paper manuals, and human teachers. Further, our study included a
well-defined sample of relatively homogeneous young participants, many with a technical
background. It would be fascinating to see how various age groups respond to our
prototype. Ultimately, it will be interesting to see how Skillab is perceived by DIY’ers of
all ages and backgrounds.
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3.2.6 Conclusion

In this case study, we introduce Skillab companion, an AR-based scaffolding system to
support craftwork learning with immersive and multi-modal feedback. We implemented
this concept by combining AR and EMS. The evaluation of the Skillab application
revealed participants’ interactions with AR scaffolds, challenges in learning, preferences,
and overall user experience. The immersiveness and multi-modality of the AR-based
system’s feedback were its main benefits. Skillab users were encouraged to participate in
each step of the process, which made it more understandable and simple to remember. As
a result, the laminate work they created was of higher quality overall. Users appreciated
the auditory input to advance to the next step and the auditory feedback regarding how
well the step worked. The gamified learning aspects were enjoyable and engaging. These
features of Skillab appear to support and promote learning and a positive user experience.
The sense of agency was preserved by using the wake word to initiate and terminate EMS.
The study’s results indicate that skills acquisition platforms could provide a superior
and captivating learning environment compared to traditional methods, particularly if
combined with an immersive multimodal feedback system that enables task replication
and learning while acknowledging the need for further research to validate these findings
in broader contexts. The main challenge was that the prototype didn’t provide them the
freedom to modify specific steps in accordance with participant preferences. Steps should
be adaptable for the user based on their preferences and past knowledge. Potentially,
our work will inspire researchers to further delve into this avenue of applying immersive
multi-modality feedback technologies for craftwork. We believe there are several ways
that researchers can further expand on our work. Possible future investigations include
exploring a) interactions with eye-tracking and visual gaze redirection, b) providing
varying levels of customization, and c) improved object detection. Researchers can use
the foundation provided by our work to investigate issues and expand on our system or
findings in fresh ways.

3.3 Teleoperation Companion

This chapter is based on our following publication:

Shahu, A., Kassem, K., Zehetgruber, L., Wintersberger, P., & Michahelles, F. (2023).
Electrifying Obstacle Avoidance: Enhancing Teleoperation of Robots with EMS-
Assisted Obstacle Avoidance. In HHAI 2023: Augmenting Human Intellect (pp.
224-233). 10S Press.

Robot teleoperation has applications in many domains, including search and rescue

[CMO03al, space exploration [PSKT20], mining [Hai01], tele-manufacturing [AYWTZ01],

or surgery [Oka09]. The use of robot teleoperation allows for a combination of human and
robotic traits to be utilized in a variety of settings, aiming to improve safety, efficiency,
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and productivity. This is especially valuable to combine the advantages of both humans
(creativity, problem-solving, fast adaptation, etc.) and robots (speed, precision, safety-
critical environments, etc.). However, it is challenging to achieve the situational awareness
required for collision avoidance LCY3]. Multi-modal interfaces may help the
human operator better perceive, understand, and predict the environment around the
robot, leading to improved situational awareness and more informed decision-making.
Vision can be used to provide the operator with a view of the surroundings, touch can help
the operator accurately control the robot’s movements and sound can provide important
auditory cues about the environment. Haptic feedback can warn the operator of the
presence of obstacles or other objects in the robot’s path. The major focus of this study
is haptic feedback, more specifically electrical muscle actuation.

Because haptic (and especially kinesthetic) feedback interfaces depend on mechanical
actuators to exert force, they are often bulky and expensive [LBI13]. EMS has the
potential to provide feedback in a cost-effective and lightweight way, by applying small
electrical stimuli leading to muscle contractions.

We investigated the potential of EMS-based companion for obstacle avoidance during
robot teleoperation. To accomplish this, we developed a VR simulation of a robotic arm
being controlled by a human user, where we compared bi-modal feedback with unimodal
auditory and haptic feedback, as well as a baseline condition without support. The haptic
feedback was provided through EMS being applied to the biceps and triceps of the user.
We hypothesize that bi-modal feedback via companion improves collision avoidance and
user experience, compared to relying solely on visuals.

3.3.1 Related Work

When operating a robot remotely, operators’ awareness of their surroundings often
relies solely on the sensor and camera data, which may limit their understanding of
the environment. The definition of situational awareness (SA) describes it as “the
perception of the elements in the environment within a volume of time and space, the
comprehension of their meaning and the projection of their status in the near future”
[End88|]. Maintaining a high level of SA has been reported to be the most difficult part
of many jobs[End21]. One of the most critical factors in decision-making by the operator
squarely depends on how well the operator perceives the robot’s environmentﬂm.
Operators must not only be aware of their surroundings, but they must also process
large amounts of information quickly and make decisions based on that information.
Remote teleoperation may also require operators to switch between different views or
modes of operation, which can add to the cognitive load. The cognitive workload that
the operator has to analyze and interpret during teleoperation has a direct bearing on
their performance|[OZMT20]. The difficulty increases when the task also involves real-
time obstacle avoidance[LC93]. Opiyo highlighted the importance of providing sufficient
visual and force feedback to the operator to create a feeling of presence in the robot’s
environment, as well as using a good quality network, to improve the navigation efficiency
and task accomplishment of mobile ground robots[OZM™20).
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Prior research has shown that teleoperation interfaces heavily rely on visual information
[CMO03al]. Yet, it might be challenging to establish the SA required for teleoperation
using solely visual cues [YDS04]. Che and colleagues designed a mechatronic device that
allows bi-directional communication between a human and a robot follower [CCT¥18].
The device has two parts: a haptic interface that gives users feedback from the robot and
a command interface for remote control. The haptic feedback helped users understand
the robot better, reduced mental effort, and improved performance on other tasks. The
bi-directional communication strengthened the bond between the user and the robot
follower. Kassem and the team conducted an assessment to determine the impact of
various types of feedback, including audio, visual, haptic, and 3-way multi-modal feedback
[KUWM22]. Objective and subjective measures were collected and analyzed, and the
results showed that 3-way multi-modal feedback led to the best user experience and lowest
task load. The use of multiple feedback channels did not increase cognitive load. The
majority of teleoperation research focuses on improving the operator’s sense of presence
in a remote environment through various techniques, including the use of HMDs and
force feedback [OZM™20]. According to Wildenbeest, when it comes to tasks that are
familiar but imprecise, operators mainly depend on vision. In contrast, for tasks that are
precise, unfamiliar, or not visually optimal, the significance of the haptic sensory channel
becomes more critical [WAHT13]. Sagardia and team found that while completion time
was mostly similar, the average collision force was substantially lower when using force
feedback [SWHT12]. Pamungkas found that adding electro-tactile feedback from both
force and distance sensors can help with avoiding obstacles in cluttered environments as
well as with placing a peg in a hole when teleoperating a robotic arm [PWT3]. The study
appears to use only tactile feedback, and no published research on using EMS-based
feedback for obstacle avoidance in robotic arm teleoperation was found at the time of
writing the dissertation.

According to Rea’s research, the cognitive burden of teleoperation is significant for both
expert and non-expert operators, with most studies focusing on two primary issues:
situation awareness and robot control [RS22]. User-centered solutions that process
data and provide knowledge, rather than just information, could reduce workload and
improve the ability of non-expert operators [RS22]. To improve teleoperation interfaces,
Adamides created guidelines covering system design, communication, control, display,
feedback, and user experience [ACKT15]. These guidelines aim to enhance the usability
and effectiveness of teleoperation interfaces, especially in situations where the operator
controls the robot from a distance.

Drawing upon insights from prior research, the present study was designed to investigate
the effects of obstacle avoidance on the objective and subjective quality of remote robot
control, through the utilization of distinct feedback modalities - namely, auditory and
haptic feedback. We framed our research questions as follows:

¢ RQ 1: What is the objective effect of using audio and haptic feedback on collision
avoidance?
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¢ RQ 2: How do the different modalities influence the subjective hedonic and
pragmatic qualities of user experience?

« RQ 3: In what way do the different modalities affect task workload?

3.3.2 Method

We developed a user study in which participants operated a robot in VR. A within-group
study design was employed. To address the potential bias caused by repeated practice,
a balanced Latin square design of size 4 was implemented to randomize the order in
which participants experienced the four experimental conditions. The balanced Latin
squares helped to control for the order effect and allowed for a more accurate evaluation
of the impact of each feedback modality on task performance. Participants are placed in
a tutorial environment to familiarize themselves with the task and controls before the
measurements begin, and they are encouraged to practice until the conveyor belt reaches
maximum speed in the tutorial environment.

Task Description

The study required participants to use VR to control a stationary robotic arm to perform
a task at a simulated remote location. The location had a conveyor belt, and the robotic
arm was positioned beside it. Boxes moved along the conveyor belt from right to left,
from the perspective of the robot when the end effector was pointing towards the belt
(shown in [Figure 3.12a). The participants had a third-person view of the robotic arm,
which included a view of the boxes moving and a partial view of the robotic arm being
controlled. The participants had to control the robotic arm to scan a simulated object on
the top face of the boxes when they came within the reach of the end effector (Depicted
in Figure 3.12b).

The movements of the robotic arm were controlled by the position and rotation of the
VR controller, which were mapped to the position and rotation of the end effector. As
the boxes moving along the conveyor belt were of different heights, the end effector had
to move up and down to avoid colliding with the boxes. Participants had to press the
designated button on the VR handheld controller to scan the object when the end effector
was within a volume above the top face of the box. If the scan was not performed within
this volume, it was considered an error.

Each box required a secondary scanning action further down the conveyor belt. The
secondary scanning action was done through a different stationary downward-facing
scanner situated above the conveyor belt (shown in Figure 3.12c). Participants had
to press a different button on the controller when the box was immediately below the
scanner (depicted in [Figure 3.12d)). Performing the secondary scan before or after the box
was immediately below the stationary scanner was considered an error. The task difficulty
increased over time, as the speed of the conveyor belt ramped up while decreasing the
interval at which new boxes came onto the belt. The robot operator had to simultaneously
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give sufficient attention to both the primary and secondary scanning actions to avoid
errors while the boxes were in motion.

Apparatus

For interacting with the robot in VR, we used a commercial HMD equipped with stereo
speakers and dual wireless hand-held controllers'?. For the purpose of our study, we relied
only on one controller for controlling the vertical position of the robot end effector. We
built the virtual environment inside the Unity 3D engine'?. Inside the virtual environment,
we used a common industrial collaborative robot'. The VR application communicates
with the EMS circuit via an Adafruit Feather 32u4 Bluefruit LE microcontroller, which
controls two relays to open or close the circuit for the desired muscle stimulation. A
standard two-channel EMS device provides the electrical current, and the control circuit
is carried in a small bag by participants and connected to the PC with a USB cable.

Feedback and Conditions

The study’s participants were tasked with controlling a stationary robotic arm in VR to
complete a task at a simulated remote location. As boxes moved along a conveyor belt,
participants had to move the arm up or down to avoid collision with the boxes or low
ceiling. The participants received feedback through three modalities: visual (through
the VR headset), auditory (through the integrated speakers on the headset), and haptic
(through the nudges of the EMS system). To avoid any cascade effect, the collision with
boxes was programmed to allow the robotic arm to pass through them, and the affected
boxes’ color turned red to indicate a collision.

The task is presented in four different conditions:

1. Baseline: No feedback was given, and participants had to rely solely on visual
perception.

2. Auditory feedback: Participants received feedback to move their arm up or down
through a voice saying “up” or “down,” respectively.

3. Haptic feedback: Participants received a nudge through the two pairs of electrodes
on their biceps and triceps, stimulating the biceps to nudge the participant’s forearm
upwards and the triceps to nudge it downwards.

4. Multi-modal: Participants received both auditory and haptic feedback simultane-
ously.

During the task, participants had to simultaneously attend to both scanning actions
while avoiding errors caused by the boxes’ motion.

2Meta Quest 2 |https://www.meta.com/quest/products/quest—2/|— Accessed July 2022
Bhttps://unity.com/|- Accessed July 2022
1URb5e https://www.universal-robots.com/products/ur5-robot /- Accessed July 2022
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Participants

The study recruited 9 right-handed participants (mean age 23.9, SD 1.6) who did not have
specific medical conditions or metal implants and were not pregnant or using an insulin
pump, with the additional requirement of not wearing glasses that were incompatible
with the VR headset. All participants signed a consent form indicating their willingness
to take part in the study and to allow their data to be collected and analyzed. They
received compensation in the form of a voucher. To calibrate EMS, the stimulation
intensity was slowly increased, and participants were asked to indicate when they felt
a slight but noticeable movement in the direction required and the resulting intensity
was then maintained throughout the study, with adjustments made to the electrode
placement or intensity if the stimulation became uncomfortable. The specific voltage and
current levels used for each channel were independently adjusted to achieve the desired
level of stimulation for each muscle group, which depended on the individual’s muscle
size and sensitivity.

Measurements

The primary performance metrics of interest are the collision count and collision time,
while the error rate (the ratio of incorrectly to correctly scanned boxes) is also measured
to ensure that collision avoidance does not have a significant negative impact on task
execution performance. After completing a task under specific conditions, the participants
filled out a set of condition-specific questionnaires, which included the User Experience

Questionnaire [SHTT7a] and NASA TLX [HSSS].

can all incoming boxes.

all incoming b°’£—;_!

(c) Blue scanner, before scanning (d) Blue scanner, after scanning

Figure 3.12: Views of the two subtasks, right before and after scanning.
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3.3.3 Results
The data was evaluated using JASP 0.16.3-Debug [JAS22].

Performance Metrics : The trends indicate that using EMS and a combination of
auditory and haptic feedback leads to fewer collision count and shorter collision time.
The Friedman test shows no significant differences across the four conditions for any of
collision count (x2(3) = 0.771, p = 0.856, N = 9), collision time (x*(3) = 1.042, p = .791,
N = 9) and error rate (x*(3) = 4.724, p = .193, N = 9). This could be due to the limited
number of participants involved in the study or the potential influence of a learning
effect.

User Experience Questionnaire

e Pragmatic Quality: A repeated measures ANOVA shows a significant difference
in pragmatic quality (F'(3,24) = 4.104, p = .017) between at least two conditions
(Iustrated in Figure 3.13a). Bonferroni-corrected pairwise comparisons revealed a
significant difference only between the baseline and EMS condition (mean = —1.778,
p=.018).

e Hedonic Quality: A repeated measures ANOVA shows a significant difference in
hedonic quality (F'(3,24) = 33.488, p < .001) between at least two conditions.
Post-hoc tests with a Bonferroni-correction revealed that the hedonic quality was
significantly worse in the baseline than in any other condition (Baseline-Auditory):
mean = —1.000, p = .014; (Baseline-EMS): mean = —2.556, p < .001; (Baseline-
bi-modal auditory-haptic): mean = —2.361, p < .001). Furthermore, the hedonic
quality of the audio-only condition was significantly worse than either condition
involving EMS (Auditory - EMS): mean = —1.556, p < .001; (Auditory - bi-modal
auditory-haptic): mean = —1.361, p < .001). There was no significant difference
between the EMS-only and the combined condition (illustrated in Figure 3.13b).

Task Load : A tendency of feedback to lower the task load can be seen in |Figure 3.13cl
The repeated measures ANOVA shows no significant difference across the four conditions
(F(3,24) = .777, p = .518).

3.3.4 Discussion

The study found that using EMS feedback combined with auditory feedback can poten-
tially result in fewer collisions and shorter collision time (RQ1). The use of EMS feedback
is advantageous due to its quick and intuitive nature, allowing users to react promptly
to changes in their environment. The combination of auditory and haptic feedback
can also provide multiple sources of information, enabling users to better understand
their surroundings. However, further research with larger sample sizes is necessary to
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Figure 3.13: Plots of the means and 95% confidence intervals of the two UEQ-S scales and
of the Task load - [b: Baseline, ab: Auditory, be: EMS, abe: Bi-modal auditory-haptic.]

establish more definitive results. In terms of user experience (RQ2), the study revealed
that haptic feedback was preferred over other feedback modalities, indicating that it
received the highest rating in both pragmatic and hedonic quality scales. The immediacy
of EMS feedback was also found to be more favorable than processing visual or auditory
information. Additionally, all three cuing conditions were rated to have a lower task
load than the baseline, suggesting that any additional feedback can reduce the perceived
task load of the remote operator (RQ3). However, some participants expressed that
the combination of EMS and auditory feedback was overwhelming, raising concerns
about whether the bi-modal feedback could be better designed to prevent sensorial
overload. Although the sample size was small, the study offers a valuable starting point
for further research and provides insightful information. Notably, the study highlights
the importance of learning in the task, as participants demonstrated improvements in
collision avoidance and error rates over time, refining their overall strategies to facilitate
better collision avoidance. However, the measures taken to mitigate the effects of learning
were inadequate. Overall, the study suggests that muscle actuation feedback, such as
EMS, can be a promising approach to enhancing teleoperation performance by providing
additional sensory information to the operator. Nonetheless, more research is needed to
fully understand the potential benefits and limitations of this approach

Limitations and Future work To better understand the usefulness of EMS feedback
in robot teleoperation for obstacle avoidance, a user study with a larger sample size
is needed to uncover any significant differences. To improve the quality of the EMS
feedback, a simple spring-damper model could be implemented to adjust the stimulation
intensity based on the proximity to obstacles, which may increase both performance and
user comfort [JSHI1]. The study was affected by a learning effect because the task was
not complex enough. To reduce this effect, the authors propose modifying the task setup
in future experiments. The study did not explore other potential methods of evaluating
situational awareness, which may be more effective. Additionally, it would be intriguing
to compare EMS with electro-tactile feedback.
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3.3.5 Conclusion

Using teleoperation to control robots can be challenging due to the lack of physical
presence and direct interaction. To address this, our research proposed using EMS as
a haptic feedback source in combination with auditory and haptic feedback to improve
obstacle avoidance. The study showed that using EMS feedback led to fewer collisions
and shorter collision times, as well as reduced task load compared to no feedback. Haptic
feedback was rated the highest in both pragmatic and hedonic quality scales, followed by
bi-modal auditory-haptic feedback. The use of muscle actuation technology was reported
to offer a positive user experience for obstacle avoidance. Although the sample size was
small, the study serves as a foundation for future research, and increasing the number
of participants may produce more positive results. Muscle actuation feedback may be
used to communicate information about the robot’s applied force or torque, as well as
the shape or texture of the remote environment. Overall, muscle actuation feedback
shows promise in improving teleoperation performance by supplementing operators with
additional sensory information.

3.4 Acceptance of EMS

This chapter is based on our following publication:

My Publications

1. Shahu, A., Wintersberger, P., & Michahelles, F. (2022, April). Would users
accept electric muscle stimulation controlling their body? Insights from a scenario-
based investigation. In CHI Conference on Human Factors in Computing Systems
Extended Abstracts (pp. 1-7).

2. Shahu, A., Wintersberger, P., & Michahelles, F. (2022, March). Scenario-based
investigation of acceptance of electric muscle stimulation. In Proceedings of the
Augmented Humans International Conference 2022 (pp. 184-194).

In body-based user interfaces, EMS has evolved as an output paradigm in the last
decade. The fundamental concept is to stimulate users’ muscles with electric pulses from
a device attached to their bodies, allowing them to move their limbs. While EMS has
been extensively studied in medicine, genetics, biomechanics, and psychology, it is only
recently that the human-computer interaction (HCI) community has taken an interest in
the technology. Motor learning [TMRI1], force feedback [LYIBI§|, transmitting object
affordances [LJBI5D], pedestrian walking/navigation aids [PDS*15], and aided drawing
have all been presented as uses for EMS prototypes.

EMS as technology takes a step further by allowing machine output to be fed directly
into human motor control due to its capacity to generate a muscle contraction. This is a
one-of-a-kind trait that broadens the scope of "person in the loop" systems. Lopes et
al. (2015), for example, used EMS to protect users from burning their hands by merely
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bending the wrist away from a cup of hot water [LJBI5h]. Another example is the work
by Schneegass and Rzayev (2016), which wrenched users’ arms to make them glance at
their watches in order to remind them of approaching meetings [SR16]. Automation may
"skip" human information processing stages (such as the perceptual level) and go straight
to the action stage by using such interfaces.

On the other hand, this trait might be a significant roadblock to the widespread adoption
of EMS technology in HCI. EMS interfaces may restrict users’ sense of agency (i.e., their
perception of being in charge) by bypassing the cognitive system, presenting ethical
and even philosophical difficulties. Controllability is a central problem in various fields,
including human-AI and human-automation interaction. For example, it is a substantial
impediment to societal acceptance of autonomous driving systems [FWLR19|, [RJAF17].
As a result, while considering EMS-based interfaces, a key question to consider is: Would
users accept a technology that directly interacts with their muscles?

Existing work has typically been evaluated by showing its benefits on users’ performance
(e.g., [EHST17], [TMR11]), demonstrating user understanding of stimulated movements
(e.g., [PSA13], [HRP20]), showing that users can mimic movements generated by EMS
(e.g., [HDWT17], [LB20]), or by delighting users in novel experiences [LB17a)], [LYIBIS].
Some of these studies have briefly reported subjective comments from users, which
indicate doubts, for example, “I felt like my forearm was pushed by someone.”, “I felt
like when I got a cramp in my arm.” or “I felt like my body was hacked.” [TMR11]. To
our knowledge, a systematic assessment of EMS technology from the standpoint of user
acceptance is still missing.

We aimed to contribute to these concerns with this article by evaluating the user
acceptance of various scenarios depicting prospective EMS use cases. We developed
various dimensions from a literature review that may be used to define how this technology
is utilized, and we used these dimensions to create four scenarios based on current
prototypes. We then evaluated these scenarios in a two-tier study approach: First, we
conducted an online survey with N=113 participants, who received written descriptions
and representative images of these scenarios and completed the technology acceptance
model with trust integration [VD00, VMDDO03, BCE12]. The statistical analyses of the
results revealed potential concerns of future EMS usage. However, since the survey
could not include real experiences with EMS technology, we validated our results in a
subsequent in-depth interview study. 5 Participants experienced an EMS system in our
lab before we discussed emerging possibilities and potential issues considering the derived
scenarios. With the results of both studies, we want to contribute to this line of research
by identifying potential pitfalls and opportunities for the design of novel EMS systems
and prototypes in HCI.

3.4.1 Related Work

In this part, we define user acceptance, provide a brief overview of EMS systems presented
in the HCI sector, and create dimensions to characterize these systems in relation to our



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.4. Acceptance of EMS

study objectives.

User Acceptance as a Precursor to Technology Use

One of the most critical factors in determining whether technology succeeds or fails is user
acceptance. The Technology Acceptance Model (TAM) was suggested by Davis (1993),
and is based on the Psychological Attitude Paradigm [FAT7, [Dav93], which links users’
values, attitudes, and (possible) behaviors. The perceived usefulness (PU) and perceived
ease of use (PeOU) of an external stimulus or design feature influence the general attitude
toward utilizing a device (ATT, emotional reaction) in the TAM, which adds to system
usage or disuse (Intent, i.e., the behavioral response). Over time, the TAM has been
updated, resulting in TAM 2 [VD0O0] and TAM 3 [VMDDO03]. We used a TAM extension
given by Belanche et al. (2012) since trust in automation is an essential additional aspect
[BCF12]. They discovered that trust is tightly connected to both attitude and purpose
of usage, making it a third belief "able to explain the mechanism."

Electric Muscle Stimulation

Theory: By inducing electrical current into the muscles, EMS replicates the body’s
natural electrical impulses, which can result in muscle contraction and, as a result, bodily
motions. To provide such electrical impulses, typical EMS systems employ a pair of
electrodes (a cathode and an anode), according to [KIMRI8]. When current travels from
cathode to anode, it flows via nerves and motor neurons, increasing the internal voltage of
the neurons. When a particular threshold is exceeded, the motor neurons "fire," causing
the muscles connected with these neurons to contract [KIMRIS|, [PDR16]. The amount
of force required to trigger a muscle differs between body regions and users, necessitating
a calibration procedure to assure pain-free operation [KAHIS].

EMS in HCI: EMS opens up many possibilities for new interaction scenarios. It
can be utilized to transmit object affordances [LJBI5b], trigger direct user movements
[LBI7H] [LIMT15], or offer haptic feedback [LB20] by varying stimulus parameters (i.e.,
amplitudes, pulse widths, frequencies). “PossessedHand” [TMRIT], which controlled a
user’s fingers, was one of the earliest demos in the realm of HCI. Users’ arms were triggered
by Affordance++ [LJBI5b] to notify them about how they should communicate with an
object. Lopes et al. (2017) have proposed to use EMS in virtual reality environments
ﬂm. To simulate the sensation of hitting or being hit in VR boxing, Impacto
employed a combination of tactile feedback (a solenoid tapping the skin) and EMS

[LIB15).

Jain et al. (2017) utilized EMS on the wrist muscles to recreate the experience of a ball
striking a racket in an augmented-reality tennis game [JSB17]. Kasahara et al. (2019)

have proposed that technology be used to improve human reaction times [KNLI9b].

They demonstrated that things could be grasped faster than usual with suitable signal
stimulation time. Pose-10 offered both input and output based on proprioception sense
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using EMS ﬂm Users supplied data by bending their wrists in an input motion,
which a 3-axis accelerometer detected. When a user’s wrist was positioned in an output
gesture, which Pose-10 activated via EMS ﬂm, Pose-10 output was initiated.

EMS was also utilized for training and support. Ebisu et al. (2018), for example,
controlled users’ motions to teach them how to play percussion instruments by simulating
both their arms and legs [EHO18]. Students could take up the rhythm even though no
experienced percussionists were involved in the process. Students may learn both the
beat of one hand and the rhythm of both hands simultaneously. It was also feasible
to play drum rhythms that needed both arm and foot movement. Nith et al. (2021)
proposed dextrEMS, a haptic device based on EMS with mechanical brakes at each finger
joint [NTL*21]. The basic concept of dextrEMS is that while the EMS actuates the
fingers, the mechanical brake ensures that they are stopped in a precise location. They
demonstrated it in a variety of situations, including a piano lesson, a guitar lesson, and a
VR game.

The use of EMS for pedestrian navigation has also been explored. "FootStriker" recognized
heel striking while running and corrected it in real-time to mid-/forefoot running by
administering EMS to one of the calf muscles [IDWT17]. Others have utilized EMS to
make users smile [YCFK™17], stimulated face muscles to create food textures when eating
[NO16], and even stimulation of abdominal and laryngeal muscles has been suggested
as a viable approach to aid vocalists in a vibrato [EENT17]. Finally, by coupling the
actuation of the human body with the activation of senses, several researchers employed
EMS to examine embodied emotional feedback [HPST17].

Users’ perceptions have been tested in some of the experiments mentioned above, with
conflicting findings in terms of user approval. Participants in the Pohl et al. (2018)
research, for example, despised the increasing temporal rhythms of EMS as the signal
amplitude grew [PHKIS|. Participants in the [PHKI1S8] and [Poh93] studies have also
responded to EMS, resulting in a “a weird feeling” when they “can’t control their muscles.’
Prospective users’ sense of control appears to be crucial. Consequently, we have reason to
doubt that potential users will blindly accept and use EMS systems in their daily lives.

A

EMS Taxonomy - Not all systems are equal: A deeper look at the mentioned EMS
prototypes reveals that they may be categorized differently. We believe that classifying
data in this way will make it easier to compare and generalize the outcomes of a particular
prototype. We came up with the following list based on the literature:

Controllability: This dimension refers to a user’s capacity to control a situation
(sometimes referred to as "sense of agency"'). When employing EMS in VR [LYCT17b), for
example, the system’s response matches the user’s behavior in the simulated environment
(i.e., high controllability). In contrast, an EMS system that makes users do things they
do not want to do (like smile [NOI6] or alter walking direction [PDS™15]) implies low
controllability.
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Intrusiveness: The EMS system is involuntary in nature since it bypasses the
user’s conscious control. This category denotes how intriguing an EMS interface may
appear. High intrusiveness, for example, is apparent when a system exerts excessive
control over your bodily parts (such as [TMR11]). Other prototypes, such as [PSA13],
may intervene in the user’s life in a brief and sporadic way as they are more immersive
in nature.

Longevity: An EMS interface may continually stimulate muscles (for example,

[LYGBI16]), but other systems (for example, [LJB15b], which prevents users from grabbing
a hot mug) only trigger users in specific scenarios and for a limited length of time.

Safety-criticality: Further, the coffee mug prototype is an example of EMS being
used to prevent a safety-critical situation [LIJBI5b]. Also, pedestrian navigation [PDS*15]
operates in a potentially safety-critical environment. Other environments (such as VR
feedback) where EMS is used are less critical.

Open vs. closed loop: Some prototypes have combined muscle reading and
muscle writing (electromyography with EMS) or other input modalities (like
VR-controller). Such systems allow users to manipulate their limbs to provide input to
the system. Although this is not a property of EMS systems per se, consumers might
likely be unaware of the technological difference.

3.4.2 Method and Research Questions

We derived four EMS-based interaction scenarios based on our literature study that
varied along the aspects outlined above (see Table 3.2). Although there are many more
EMS scenarios, particularly those connected to rehabilitation ([KS20], [SGMSIT]), we
focused on possible daily uses for a broad audience rather than specialist ones:

Motor Learning: EMS could be a promising technology to fasten the learning
progress for motoric tasks (see [TMRI1], [EHO18]). We used the example of guitar
playing, where EMS could support a user during a motor skill-building activity (i.e.,
automatically following the guitar tabs).

Virtual Reality: In this scenario, EMS supported immersion in VR environments
by providing situation-specific haptic feedback (see LYIBI1§|). For example,
when a user picked a chair in VR, s/he could feel the resistance of holding the object.

Media Player: EMS may support classical interactions such as substituting screen
controls. We used the example of a Media Player (see [LIMT15]), where the current
progress of the video is reflected on the user’s body, while at the same time the user can
perform actions (such as rewind/forward the video) using muscle reading. The hand

7
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position is mapped to the video’s timeline - a straight wrist marking the beginning of
the video, a fully flexed wrist marking the ending.

Road Safety: As EMS was already used for pedestrian navigation (see [PDS*15]),
we hypothesized how this could be extended to increase pedestrian safety. We described a
scenario where a user would be held back by the system in critical situations, for example,
when stepping onto the street when a fast car is approaching.

Those scenarios illustrate various manifestations of the EMS categories we proposed
(see Table [3.2). EMS signals, for example, regulate user motions for a more extended
amount of time in the Motor Learning and Media Player scenarios than they do in the
VR and Road Safety scenarios, which operate on an event basis. Similarly, controllability
is lower in the Motor Learning and Road Safety situations than in the other two. The
only safety-critical setting is the Road Safety scenario. Media Player scenarios feature
both types of interaction directionality (muscle reading and muscle writing).

Table 3.2: This table shows the different dimensions along which we categorized EMS-
based systems. This list was elaborated by reviewing recent literature on the topic.

| Scenario [ Controllability [ Intrusiveness [ Longevity [ Safety-criticality [ Open vs. closed loop ‘
Motor Learning Low High High Low Open
Virtual Objects High Low Low Low Open
Media player High High High Low Closed
Road safety Low High Low High Open

We then created short descriptions and images for each of the 4 scenarios (see Figure
3.14), which have been used in both the online survey and the interview study:

Motor Learning: Imagine you want to learn a new musical instrument, let us
say: a guitar. Learning guitar from scratch takes several years until you can control
your fingers properly. However, a much faster way to learn motor skills is to put an
EMS system onto your hand, which then stimulates your finger muscles using continuous
electric signals during the training session. So, you can even play your first song already
in the first training session. Potentially learning new tasks will become much easier using
EMS systems. You would constantly feel the EMS operating your muscles while playing
the instrument in this scenario. Imagine yourself learning a new instrument using this
EMS technology.

VR: Current virtual reality environments lack the haptic dimension. When you lift
an object in a virtual environment, it feels unreal and disengaging as no object weight is
experienced. Imagine the next step towards realism and immersion, and an EMS system
can support the haptic sense to convey the physicality of the virtual world. If you would
try to push an object away in a virtual environment, at that instant EMS system would
create a counterforce that would pull your arm backward. This can significantly enhance
the experience and can make it more fun. In this scenario, you would feel the EMS in
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certain limited situations, such as grabbing or colliding with an object. Imagine yourself
playing a game in VR using this EMS technology.

Media Player: Imagine interacting with a device through the pose of your body
rather than clicking on a button or talking to your phone. EMS system would understand
your gestural command and perform the needed action. For instance, you can control
video playback using your wrist. EMS system can tightly couple the position of your
wrist with the position of the video play head. You can set the position of the play head
by posing your wrist. In this scenario, you would constantly feel the EMS operating your
muscles while interacting.

Road Safety: Traffic safety is an important issue, and the number of pedestrians
involved in accidents has increased over the last years. Often, pedestrians are overrun as
they do not pay sufficient attention to the road environment. EMS systems may improve
pedestrian safety, as preemptive feedback can speed up human reaction time. Imagine
yourself wearing an EMS device that senses nearby vehicles and preemptively stops you
from stepping on the street in critical situations (i.e., a fast car approaching) to ensure
your safety by sending an electrical signal. You might feel a buzz and, for a short moment,
not be in control of your body. However, the system prevents you from stepping on the
road and being hit by a car. You would feel the EMS operating your muscles only in
short, safety-critical situations in this scenario.

By statistical evaluation of the TAM ratings and affinity mapping of the interview
statements, we aimed at answering the following research question: Which EMS
interaction scenarios are accepted by users and why, and can the findings be
related to system properties/dimensions? We briefly informed the participants
about EMS technology before we began the study. We explained to them that it’s
mostly utilized as a rehabilitation and prevention tool for individuals who are partially
or completely immobilized. It’s an off-the-shelf device that’s completely safe to use. It
allows the user to modify and adjust the signal’s intensity to create the desired sensory
experiences.

3.4.3 Online Survey

The four scenarios (descriptions and images) were presented in randomized order. We

emphasized that each scenario would work technically sophisticated and error-free.

Consequently, they were asked to score their acceptance based on their personal feelings
about these situations rather than on their doubts about whether one or the other
could be supported by technology. They completed the survey questions rating their
user acceptance after each scenario. At the end of the survey, participants completed
additional demographics and technology affinity questions.
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Media Player

Figure 3.14: Images were used to give study participants an impression of the scenarios.

Participants and Procedure

The study was set up and conducted in English. We relied on a random sampling
technique for the selection of the participants. We distributed the survey on university
mailing lists and social media. After completing the consent form, participants were
presented with a short comic-book-like sketch describing EMS technology and how it
works. In total, 113 respondents (77 males, 31 females, 3 diverse, and 3 preferred not to
provide details) participated in the survey. The mean age of the participants was 28.69
(SD = 7.31) years. 77.2 % of the participants had no prior experience with EMS, with
the rest having only done so in the context of medical applications or pain treatment.
The duration of the survey was approximately 30 minutes per participant.
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Measurements

To assess user acceptance, participants completed the TAM with trust extension based
on Belanche et al. (2012) [BCEF12]. According to Cronbach’s «, the scale reliability is
acceptable for all sub-scales (around .7). The model includes the perceived usefulness
(PU), perceived ease of use (PEoU), attitude towards using the system (ATT), safety and
trust in automation (trust), as well as intention to use the system (Int). Consequently,
we built scale values of all TAM dimensions for evaluation (see Table 3.3). Further, we
included the affinity for technology interaction questionnaire ([AWE17], [FAW19]) to find
out if acceptance towards EMS technology is related to technology affinity. This scale
has 9 items averaged to a single overall score. The TAM items were assessed on a 7-point
Likert scale (1 = “Completely Disagree” to 7 = “Completely Agree”), the AT scale was
on a 6-point Likert scale, respectively (no neutral item). Finally, study participants could
express their opinion towards EMS technology using a free text field at the end of the
study.

Table 3.3: Utilized TAM dimensions with the respective number of questionnaire items
and scale reliability (Cronbach’s «).

TAM (Bonferroni @ = 0.01) | Items | Cronbach’s «
Perceived usefulness (PU) 3 0.698

Perceived ease of use (PEoU) 5 0.730
Attitude (Att) 5 0.694
Trust and Safety (trust) 4 0.778
Intention (Int) 1 NA

Results

In the following, we present a detailed evaluation of the obtained results. Statistical
comparisons were carried out using IBM SPSS Version 27, and results are reported as
statistically significant at p < .05. We conducted non-parametric Friedman ANOVAs with
subsequent pairwise comparisons (Post-hoc Wilcoxon signed-rank tests). To account for
multiple tests, we applied Bonferroni correction concerning the number of TAM-subscales
(see Table 3.3). Descriptive statistics can be seen in Table 3.4.

Perceived usefulness (PU) : There was a statistically significant difference in PU
depending on the scenarios (z2(2) = 86.294,p < .001). Post-hoc test showed that the
road safety scenario was perceived as significantly less useful than all the three other
scenarios Motor Learning (Z = —7.075,p < .001), VR (Z = —7.385,p < .001), and
media player (Z = —7.066,p < .001). No other pairwise comparisons yielded significant
differences.
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Perceived ease of use (PEoU) : We obtained a statistically significant difference
based on the scenarios (22(2) = 50.328,p < .000). Again, the road safety scenario was
rated significantly worse than all other scenarios Motor Learning (Z = —6.257,p < .001),
VR (Z = —5.152,p < .001), and media player (Z = —5.137,p < .001). Also, there were
again no differences between the latter three.

Attitude (Att) : Friedman ANOVA indicated a significant difference in attitude
depending on scenarios, (?(2) = 92.852,p < .001). Just as above, scenario road
safety was rated significantly worse than Motor Learning (Z = —6.534,p < .001), VR
(Z = —=8.109,p < .001), and media player (Z = —6.920,p < .001). However, here we
obtained additional differences as well: the VR scenario was rated best, significantly
better than the scenarios Motor Learning ((Z = —4.604,p < .001) and media player
(Z = —3.196,p < .001).

Trust and Safety (trust) : We found statistically significant difference based on the
scenarios (22(2) = 63.740,p < .001). As in all sub-scales, the road safety scenario was
perceived being significantly less trustworthy than the other scenarios Motor Learning
(Z =—6.039,p < .001), VR (Z = —6.721,p < .001), and media player (Z = —6.754,p <
.001).

Table 3.4: Medians and interquartile range (IQR) of the TAM dimensions in the investi-
gated scenarios.

Md (IQR)
TAM | Motor Learning | Virtual Reality | Media Player | Road Safety
PU 5.00 (2.00) 5.00 (1.67) 5.33 (2.17) 3.33 (2.50)
PEoU 5.20 (1.40) 5.00 (1.30) 5.00 (1.40) 4.40 (1.70)
Att 5.20 (1.90) 5.60 (1.30) 5.20 (1.60) 3.60 (3.00)
trust 4.75 (1.25) 5.00 (1.50) 5.00 (1.50) 3.75 (2.50)
Int 5.00 (3) 6.00 (1) 5.00 (2) 3.00 (4)

Intention (Int) : Friedman ANOVA yielded a statistically significant difference
depending on the scenario (z2(2) = 98.552,p < .000). Study participants stated to
use EMS in VR significantly more likely than all other scenarios Motor Learning (Z =
—4.198, p < .001), media player (Z = —3.656, p < .001), and road safety (Z = —7.532,p <
.001). While there was no difference between Motor Learning and media player, the road
safety scenario was again rated worst (vs. Motor Learning: Z = —5.783,p < .001; vs.
media player: Z = —6.518,p < .001).

Correlation Analysis We also investigated the correlation between the scenarios and
users’ affinity towards technology. We found a positive co-relation between ATI score
and attitude towards VR scenario (rs(8) = .188, p < .046). Also, there is a negative
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co-relation between ATI score vs. trust for road safety scenario (rs(8) = -.280, p < .003)
and intent to use for road safety scenario (rs(8) = -.287, p < .002).

3.4.4 Interview Study

The four scenarios (descriptions and images) were shown to the participants in a ran-
domized order in the subsequent interview study. We made it a point to make it clear to
the participants to imagine each scenario technically advanced and error-free. We aimed
to capture opinions and skepticism around the acceptance of the EMS technology. Our
interviews were semi-structured and probed the following areas:

1. Previous experience with EMS

2. Paraphrased descriptions of the scenarios in their own words

3. Pros of the technology for each scenario

4. Cons of the technology for each scenario

5. Views on adoption or rejection of the technology for each scenario

6. Changes that should be made to encourage widespread adoption

Participants and Procedure

The in-depth interview was conducted with 5 participants (3 males, 2 females, mean age
= 28.6). The interview lasted around 1 hour and was conducted in English. Participants
were first requested to complete a consent form. They were given an overview of EMS
technology as well as our research. Calibration was done on the inner forearm for the
flexor muscles of the wrist and fingers. We used an off-the-shelf medical compliant EMS
device. We created a simple circuit with Adafruit STEMMA Non-Latching Relay and
Adafruit Feather Development Board to control and modulate EMS signal. They were
presented with the four scenarios after their first-hand exposure to EMS and questioned
their acceptance.

Measurement - Affinity Mapping

We categorized and sorted information using an affinity diagram (see Figure 3.15 and 3.16).

We wanted to know what our participants thought of the EMS system and get information
on their motivations and inhibitions. Using themes to organize the information and
establish throughlines, we sought to make sense of all the notes, observations, and
discoveries we captured throughout the in-depth interviews.
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Figure 3.15: Affinity mapping of gathered interview statements - positive.

Rejection

Figure 3.16: Affinity mapping of gathered interview statements - negative.
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Results

All relevant user quotes were grouped into two broad categories: rejection and acceptance.
We had 34 prominent user quotes in the acceptance section and 50 prominent user quotes
in the rejection section. To further classify them into themes, we performed a thematic
analysis.

Participants reported the following reasons for the rejection of the EMS
technology:

Unease with sensation: Because the device acts directly on the muscles rather than
the brain, it has been described as intrusive. It makes one wonder, "Did [ initiate
the movement?" "Am I being controlled?". One participant said, "Ok, so we are
in classic lose your freedoms for the sake of the public territory.” Another one
said, "If I am not paying attention and suddenly something controls, I don’t know.
Still, I should need some amount of brain working. It is just a thing externally
doing, stopping us"|[This finding contributes to Chapter 7, subsection |7.5: User
Autonomy and Control.) Except the VR scenario, the EMS system is reported
to be invasive. One participant expressed it like, "It is a very, very direct way
of interfacing”. Another one reported, "It is a little more invasive. Given that it
is not hard to find other ways to stop people from being hit by cars like I do not
know, maybe look up, have a basic amount of awareness of your environment”.
Participants expressed discomfort on two levels, with the sensation and with being
controlled by the technology. One participant reported "I did not especially like
the sensation. Maybe that is something you get used to." Another reported, "I
am not so uncomfortable with being controlled and with also the sensation of the
body". Another said, "I think it is a cool technology. But I do not know the side
effects”. Participants fear losing mind-body synchronization and collapsing when
EMS is regulating larger muscles or stopping your body from moving. For road
safety scenario, one participant said, "Hopefully, I do not fall because everything is
so connected in our body." Another one said, "This is my concern, it is this small
thing and it just reaching my arm, if you talk about stopping whole body hopefully
it will be in sync with your body."

Concerns around learnability: Some of them raised concerns about how the learning
will happen with such an involuntary setup. One participant reported, "I think it
is a really interesting thing if it works because I do not know if the device moves
your finger, then you can properly remember the movements.” Another one argued,
"But if it was that level of discomfort for a 10 percent decrease in the amount of
time that it takes to learn the muscle memory, that is not worth it’.

Safety and security concerns: We told the participants to picture the technology
running smoothly and without errors. Despite this, several participants voiced
concerns about the EMS system’s safety and security. One showed concern like "It
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s not learning by itself, it will follow some instructions that are already embedded.
Right? It is not that it is learning from the environment like artificial intelligence,
right?". Another said, "I think the more critical part is that when you think about
future, what maybe could happen if some other person can manipulate and control
your body."

Longevity: Concerns about the unpleasant sensation, muscular impact, and exhaustion

arise from prolonged exposure to the technology in certain scenarios. One participant
claimed, "Maybe you get tired quite easily. If it is like running all the time, maybe
your muscles get tired quicker’. Another said, "There should be some limitations
for using it, maybe an hour every day" [This finding contributes to Chapter 7.
subsection |7.3: Personalization and Adaptability.|

Unlikeliness of the scenario: The road safety scenario is unlikely to happen and is a

one-time unfortunate event. In such settings, individuals are less likely to adopt the
technology. One said, "It would not be worth the amount of work I need to put in.
So whenever I would step out outside of the house, I would need to think, ok, let us
put these electrodes or the system on, just in case not to get hit by a car'. Another
said, "I always see before crossing, and if I am just in the phone, I stopped watching
the phone and see if there is any car. For me, maybe it would be too much'.

Inclination towards a traditional learning method: Participants reported strong

interest in acquiring a new skill in the traditional way. The process of trial and error,
as well as incremental learning, are valued more than the result. Some of them also
revealed feelings of being an impostor due to learning abilities through EMS. One
participant reported, "But if it is going to take away from that process or bypass it,
that might take away the whole reason for wanting to learn it." Another one said,
"Sure, that is going to be useful sometimes, but it is not the same experience. It is
not the same enjoyment of the journey as having to learn it yourself like it is for a
lot of things. And learning an instrument, I might sometimes be one of these. I
think the enjoyment is that the process not necessarily the result of the process is
part of it".

Affinity towards technology in general: Some participants showed a tendency to

actively engage in intensive technology interaction, and some showed aversion. One
participant reported, "I would need something which does not involve my body.
People should not know that I am anzious'. Another one said, "People are lonely in
this world, so I would say just go and live with each other and not playing games
and some non-serious stuff."

Needlessness: The participants did not favor using muscle-controlled technologies for

ordinary everyday tasks like controlling a video. They devised less intrusive methods
of accomplishing the same goal. One participant said, "I do not think this is adding
something. No, I don’t know. I do not think this is for me. It does not make any
sense. If we are talking about in scenario of a presentation or a video. Because
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these days we have pointers, if I want to go forward, I will click it". Another
one said, "Natural gesture control seems like something cool to integrate. But the
feedback, on the other hand, there seems it does not give me much payoff. It is
quite tnvasive and probably a little uncomfortable”. Learning to operate in tandem
with technology may be challenging. Learning the calibration procedure for ordinary
everyday chores might take a lot of time and effort [This finding contributes to
Chapter 7, subsection |7.5: User Autonomy and Control.] One said, "Learning this
calibration, this is one side, this is the other side. It is much work". Another one
said, "I would say this will require much practice because to control the video, you
need to master the gestures.”

Participants reported the following reasons for the adoption of the EMS
technology:

Immersiveness: All five participants acknowledged that the VR scenario seemed like
the environment responding to their activities in the virtual world utilizing the EMS
system. One of the participants said, "Interestingly, my normal reservations of not
wanting to try it.. sort of the control aspect.. fall away in this environment because
it is very responsive to what you are in the VR. Like it is, you have made a choice
to pick up the virtual ball, and it then feels heavy as a result.” Another participant
said, "I suppose it is because the way that I understand this, the movements my body
1s affected, I perceive it not as just something forcing my body to move, but rather
than environment reacting back to me." Feedback to the muscles is desirable in a VR
setup since it improves the user’s experience |[This finding contributes to Chapter 7,
subsection |71.3: Cognitive and Emotional Support.| The haptic dimension heightens
the sense of immersion in the virtual environment, enhancing the user’s entire
experience. It piqued the curiosity of all of the participants. One reported, "As
long as the sensations are realistic or, you know, within a certain kind of bounded
realism, it would be interesting." Another one said, "If it is really well done and
you can properly simulate it without being uncomfortable, then I think it is like a
good, like a cool thing to have also for video games, it would be more realistic and
more fun to experience it."

New and fascinating: During the research, all participants were exposed to the EMS
system for the first time. The sensations and applications were unique and exciting
to some of them. One argued, "The intensity I sensed.. it is minor. I would say I
was fascinated with this because my fingers were moving without me knowing it".
Another one said, "It is fun, just like we watch 3-D mowvies or something like that'.

Diverse range of applications: The diverse range of applications that the EMS sys-
tem can have amazed the participants. They viewed it as a bonus. One participant
said, "I think the advantage is the very diverse range of applications."

Ensuring safety: By actuating the muscles at the right time, the device can boost
safety in high-risk settings. Participants responded that if the stakes are high
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and the technology is life-saving, they are willing to ignore the discomfort and
involuntariness. One participant said, "I was thinking like the technology will be
helpful with big machinery where you can be cut.. your finger or something maybe
can also be used for being not endangered in those situations.”

Regaining muscle strength: The technology’s strengths were discovered when it was
used to assist people to overcome health problems or improve their health, for
example, "This will be really helpful to people who have lost sensitivity in their
muscles. It will be beneficial for them to gain grips.” and "This would be nice for
older people who are not able to take care of themselves" [This finding contributes
to Chapter 7, subsection |7.3: Cognitive and Emotional Support.|

Aiding skill-building: Some participants were fascinated by the motor learning and
skill-building functionality of the technology. One said, "But if someone is a
professional musician and they already know four instruments and they just want
to learn a fifth for professional reasons, and they just want to learn it quickly.
Then obviously, that is a different set of needs there.”" Another reported, "For the
beginners, it will be really helpful to build the confidence.” The waiver of a real
instructor to learn a new skill was also considered as a benefit, particularly during
the epidemic. One participant said, "Maybe you do not even need a proper teacher,
and you can learn on your own with a device that could be quite good" [This finding
contributes to Chapter 7, subsection |7.3: Collaborative and Relational Design.

3.4.5 Discussion

EMS system’s user acceptance is multi-faceted, personal, and complicated (see Table
3.5). Our work highlights the extensive range of characteristics that can assist EMS
designers in developing a generally recognized and acceptable system. Whereas earlier
research has concentrated on the muscle-actuation capabilities of EMS while ignoring the
accompanying user experience and acceptance, we provide a more nuanced understanding
of this.

Overall, the following insights can be derived from this experiment concerning our
research question: First, using EMS for VR was rated highest in terms of user acceptance.
Participants showed a significantly higher attitude towards using VR and substantially
higher intention to use (i.e., the expected behavioral outcome given by the TAM model)
than all other investigated scenarios. Also, in the interview study, participants valued
this use case and expressed little doubts about it (see Table 3.5).

Consequently, EMS is a promising area for VR experiences. The reason could be
that haptic feedback is important for immersive VR experiences m, yet current
technology (such as haptic gloves [PVP18]) is limited to specific body parts and can still
not provide sensations of heavy resistance. EMS, in contrast, has fewer limitations, which
might allow providing more fine-grained sensations synchronized over multiple body parts,
and has already shown promising results in this context [LYC¥17h]. This was backed by
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Table 3.5: Summary of identified themes and they mentions across the four scenarios.

Mapping themes across the scenarios
Sr. Rejection Motor Virtual Media Road
No Learning | Reality Player Safety
1 Unease with sensation v X v v
2 Concerns around learn- | v/ X v X
ability
3 Longevity v X v X
4 Unlikeliness of the sce- | x X X v
nario
5 Inclination towards the | v/ b'e X X
traditional method of
learning
6 Needlessness X X v v
Sr. Adoption Motor Virtual Media Road
No Learning | Reality Player Safety
1 Immersiveness X v X X
2 New and fascinating v v X X
3 Ensuring safety X b'e b v
4 Aiding skill building v X X X

qualitative participant quotes, such as “This tech could be used in entertainment, mainly
for gaming industry [...] in a very controlled and restricted fashion.”.

In contrast, the road safety scenario received the lowest scores — it was rated significantly
worse than all other scenarios in all TAM dimensions. Potentially, a reason could be the
safety-critical environment, as participants also stated to trust EMS significantly less in
this scenario. At the same time, the potential safety gain of the use case was the only
benefit of this use case as articulated in the interview statements, which was surpassed by
negative factors like needlessness and a loss of control. Doubts due to low controllability
were further supported by participants’ statements such as “I would like to have complete
control all the time.” On participant during the interview said, "I think any technology
needs to be something that supplements the process rather than replaces it." Further, this
view is also backed by the ratings of the other scenario entailing a low “sense of agency” —
the motor learning scenario.

The training process to improve our sensory and motor abilities is not an easy process.
To see a significant improvement, it is usually necessary to train on a task for an extended
time with a high number of repetitions in a trial-and-error method. The systems based
on EMS can improve our motor abilities and supplement traditional skill training. It
has been demonstrated, for example, that EMS reduces users’ response time (RT) when
provided prior to their action (preemptive EMS) [KNLI9b]. We were surprised that,
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even though EMS can speed up long and intensive learning processes, learning to play
the guitar was not universally accepted, and participants expressed strong reservations.
For example, one participant stated, “yes, I would like to learn the new instrument faster.
At the same time, I may want to do it all by myself. If EMS comes into the picture, I
may learn quickly. But may lose on the fun of exploring the learning process.” Another
one reported that “humans should be able to control machines for better efficiency, and
not the other way round, except for the fun part.” Thus, we conclude that scenarios,
where controllability is in question, might be rejected, especially when safety-criticality
becomes an additional factor. "If we are aware of what this technology can do, if we have
control over it, then it is very much beneficial”, one participant said. Even when the
technology exceeds the user’s physical abilities, it should not compromise the sense of
agency and safety. In such scenarios, EMS systems must present users with alternatives
to keep their sense of agency. One participant suggested, "I think also is partly why it is
jarring that it is very sort of such sudden that it is like it has happened, and you still
sort of realizing that it has happened as it has already happened, whereas if it were a sort
of more slow thing that would that would probably help them with the voluntariness aspect
of it." Another one said, "I can imagine an interface with a prompt that might be quite
nice."

While the interview statements confirm the results of the online survey for the three
scenarios VR, motor learning, and road safety (as described above), we noted a difference
regarding the media player scenario. The TAM evaluation suggests that the media
player scenario is similarly accepted as the motor learning use case. However, in the
interviews, participants expressed various disadvantages (especially being relatively useless
while concerns were raised considering its learnability and potentially unpleasant bodily
sensations), while it was the only use case that received no positive reasons to foster
adoption. Participants expressed apprehension about using intrusive technology for
routine everyday tasks so frequently. They reported being more comfortable with a less
invasive technology like a "pointer" in this case. Also, the amount of calibration and
body synchronization required for the technology’s smooth operation is unnecessary and
inconvenient.

Finally, we cannot confirm that a higher affinity for technology is associated with a
higher acceptance of EMS systems. Only 3 of 20 potential correlations (4 scenarios
* 5 TAM dimensions) yielded a statistically significant result. The reason could be
that the experience descriptors of EMS are varied and encompass both positive and
negative sensations (for example, Hassib et al. (2017) have reported descriptions including
‘exciting’, but also ’hectic’, unnatural’, or ’aggressive’ [HPST17]). Future studies will
be necessary in this regard. However, we still believe that our findings can be used as a
guide to creating better user experiences for EMS-based systems.

Some participants perceived the technology as helping individuals overcome physical and
mental limitations. They believed that EMS might be utilized to accomplish and traverse
activities that your body could not support, especially in safety-critical scenarios: "Maybe
some people have mental issues relating to awareness, or I do not know if it is the right
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word there, but certain cognitive disabilities relating to awareness. I can imagine it would
be a very useful thing.", one participant said. Another one expressed similar thoughts by
"I think the road safety scenario is good for people with some medical issues or disability,
if they cannot think, they have restricted movement’.

Implications

o The interplay between the system’s action/reaction and the user’s expectation is
critical. Therefore, we recommend to adjust the system’s responsiveness.

o Control is a key factor in gaining acceptance of the technology. Our findings show
that users should always be in command. They should be mentally and physically
prepared so that they are not caught off guard.

e The EMS system should function as a companion rather than a master.

e Users desire a sense of accomplishment as they acquire a new skill. Instead of
replacing the overall learning process, the EMS system should supplement it.

o Masking the system’s discomfort in the body will lead to a higher level of acceptance.
Something familiar, soothing, or pleasing can be added to the sensation.

e The establishment of trust in the EMS system will be aided by transparency about
how the system operates, as well as its strengths and weaknesses.

e We derived from the study that there is a trade-off between the degree of discomfort
and the magnitude of the outcome. The better the result, the less concerned people
are about the technology’s intensity of the discomfort.

o Continuous, long-term exposure to the EMS technology has been severely questioned
and critiqued. We recommend ensuring a fair amount of time between EMS
technology exposures for the comfort of the users.

e The frequency of occurrence of a use-case and the importance of EMS technology
in that use-case are directly related to the technology’s acceptability.

o For higher potential of integration in the users’ lives, we advocate simulating the
overall experience as closely as possible to reality.

Limitations and Future Work: Given the limitations of using EMS in large-scale
or early-phase evaluations, surveys were used as an exploratory method to gauge initial
attitudes, concerns, and expectations. Our EMS taxonomy and the evaluation of the
derived scenarios is the first step toward a systematic categorization of prototypes, and
its manifestations were expressed using only a limited number of conceivable interaction
scenarios. The study did not include other use cases such as user authentication,
rehabilitation, or conveying affordances. As a result, we must exercise caution when
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interpreting the effects. Despite larger and more diversified samples, the majority of
the participants were unfamiliar with the technology, and none had ever used EMS in
an interactive setting. Therefore, future investigations should consider a wider range
of scenarios and participants with more experience. Further, although we believe that
vignette studies that solely rely on participants’ imagination are valuable in the domain
of EMS too (minor differences between the survey and the interview regarding three of
the four scenarios), results should be validated with real-life experiences of the technology
(as shown by the media player scenario, which was rated differently in the interviews).

3.4.6 Conclusion

Until now, HCI has primarily employed EMS for muscular actuation. We investigated a
wide range of characteristics to acquire a better knowledge of EMS user acceptance. Our
findings can aid in selecting stimulation settings when developing future interfaces, and
they open up a whole slew of new possibilities for EMS use and adoption in HCI. We
created four scenarios based on a literature study and assessed the technology acceptance
of (N=113) participants in an online survey using the TAM model and ran in-depth
interviews (N=5) to dig deeper. Our findings suggest that using EMS to enhance a VR
experience is aided by a good attitude and intent to use it. As a result, we recommend
that HCI researchers and UX designers leverage EMS in VR to create more engaging
and immersive user experiences. Second, we discovered a rejection of the road safety
scenario in both quantitative and qualitative outcomes. As a result, we recommend
that HCI researchers and UX designers focus their efforts on keeping users in control
of their activities rather than forcing them through EMS. We advise EMS researchers
to build systems that circumvent the system’s involuntary nature and provide users
a sense of control. We also recommend more research into balancing the benefits of
EMS in helping users learn new motor abilities faster while also allowing them to retain
control: which methods, such as "wake words" or interaction modality, are most effective
in maintaining control? We believe that trust development and a sense of control are
the most crucial elements that systems using this technology should incorporate and
explore in order to increase user acceptance and adoption of EMS. Third, we found that
employing EMS to expedite learning was not widely accepted, and that the desire to
keep control outweighed the desire to learn faster. This underlines the importance of
providing people with choices. Based on our findings, we made recommendations that
will aid HCI researchers in designing and developing products that provide appropriate
experiences and are generally accepted. In the future, we aim to broaden our study to
include people who have experienced EMS in lab trials so that we may compare our
scenario-based results to real-life experiences. Another avenue for additional investigation
is to include the viewpoints of older participants.
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CHAPTER

Proactive Digital Detox
Companion

This chapter focuses on the use of proactive companion technology for digital detox and
wellness.

4.1 Nudgit Companion

This chapter is based on our following publication:

Shahu, A., Melem, A., Wintersberger, P., & Michahelles, F. (2022, September). Nudgit-
Reducing Online News Consumption by Digital Nudges. In Adjunct Publication of the
24th International Conference on Human-Computer Interaction with Mobile Devices
and Services (pp. 1-5).

Humans spend about three hours per day on their smartphones on average M,
and there is little reason to assume that the peak of technology use is imminent, given
that the installed base of Internet of Things (IoT) devices is expected to reach 30.9
billion units by 2025 (up from 13.8 billion units in 2021) . Greater connectedness
and the use of technology are both beneficial and detrimental. Especially younger
people are vulnerable to “smartphone addiction” ﬂmﬂ, suffering “excessive use,
impulse control problems, and negative consequences” [PC1§|. In this regard, Panova
and Carbonell (2018) have argued that not all preconditions of a classical addiction
are met, and the phenomenon should rather be labeled problematic or maladaptive use

ToT active device connections, https://www.statista.com/statistics/1101442/iot+
number—of-connected-devices—-worldwide/|— Accessed Dec 2024
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[PC18]. Still, excessive and problematic use can lead to a wide range of negative outcomes,
including social isolation, increased stress, sleep troubles, decreased performance and
productivity, or time distortion [Thol§|. Especially the “always-on mentality”, i.e., being
engaged in multiple conversations or media content [VKS16] entails shared attention
and multitasking, which severely interferes with ongoing activities like work, study, or
social relationships. According to Ko et al. (2015), excessive smartphone usage can
be divided into the two categories of “frequent short usage” and “occasional extended
usage” NKXL—ilfzﬂ Examples of the former are permanently checking if new messages or
notifications have been received, while the latter describes behaviors such as endlessly
scrolling through social media feeds, continuous link-following, or playing games. The
ongoing COVID 19 pandemic, as well as the resulting degree of social isolation, has
increased the amount of time people spend online [CCMC20)].

To counter such potentially negative consequences, some people have begun to perform
“digital detox”, in other words, not to use technology for certain amounts of time. The
motivation stems from desires of improving personal well-being, optimizing performance,
retaining self-control, or being more present in the moment [MS18]. Researchers have
already revealed that many users want to limit their time online but fail to find appropriate
and successful methods to do so [LLG14]. Although there is no agreed-upon definition
of the concept, the Oxford Dictionary defines digital detox as a “period of time during
which a person refrains from using their electronic devices, such as smartphones, regarded
as an opportunity to reduce stress or focus on social interaction in the physical world” ?.
A study done by Nekliudov et al. (2020) during the COVID-19 pandemic showed higher
levels of state anxiety were associated with recent job loss and greater news intake, as
well as lower than expected trust in government programs [NBCF20]. With news focused
on unpleasant and troubling occurrences in the world, framing a sense of powerlessness
and negative emotions, news consumption reduces mental well-being through negative
hedonic experiences [BV1T].

In this case study, we present an evaluation of a smartphone companion application
that uses nudges to prevent users from excessively reading online news. Problematic
smartphone use of continuously browsing and refreshing news articles results from the
“fear of missing out” or future anxiety [SAS21] and can be considered as a manifestation
of “smartphone addiction”. Nudges, in turn, can be defined as "an intervention that steers
people in a particular direction without eliminating their freedom of making the final
choice” [OSDEI8a], and [WSB16a] argue that "Digital nudging will have a significant
impact on future information systems research and practice”. One may argue that using
a smartphone app to prevent excessive smartphone use appears counter-intuitive, but (1)
there already exist applications for self-regulation such as Digital Wellbeing® or Screen
Time *, and (2) this strategy has the potential to intervene in the problematic behavior,
in the moment it occurs (“coping responses") which has also been proved to be effective in

2Digital Detox, https://www.lexico.com/definition/digital_detox- Accessed Dec 2024

3Digital Wellbeing, https://www.android.com/digital-wellbeing/ Accessed Dec 2024

4Screen Time, https://support.apple.com/en-gb/guide/iphone/iph24dcd4fb8/ios-
Accessed Dec 2024


https://www.lexico.com/definition/digital_detox
https://www.android.com/digital-wellbeing/
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fighting against smoking addiction [FS09]. Consequently, this work aims at answering
the research question of whether an application with digital nudges can reduce
news consumption on smartphones.

4.1.1 Related Work

Radtke et al. (2021) attempted to discover evidence of the favorable effects of a digital
detox as an intervention strategy in a systematic study ﬂm Despite the fact that
various studies have been considered, the overall conclusions were rather variable, with
even conflicting or contradicting findings in terms of detox efficacy. Radtke et al. (2021)
attribute the range of digital detox implementations, as well as other issues such as
differing assessments of identical outcomes, evaluation timings, participant selection, and

randomization of study groups .

Therefore, we are not reinventing the wheel and, instead, drawing inspiration from
Purohit et al. (2020) on the concepts of digital nudges [PBH20a]. Monge Roffarello and
De Russis (2019) have divided available digital well-being assistants into two categories
[MRDR19]. The authors differentiate between tracking and data-presentation categories
and self-monitoring and intervention types. Interventions can take place at the phone
or app level (e.g., timers and blockers), as well as through additional mechanics such
as rewards or motivating quotes. We focused on self-regulation via intervention on the
app level. Purohit et al. (2020) researched how digital nudges could counter the cycle of
addictive design contexts employed by social media platforms [PBH20a]. We conducted
similar work in the context of increasing self-awareness but with a narrower focus on
online news consumption rather than social media. Schwartz (2019) presents various
criticisms of the nature of self-regulation tools and claims that in certain approaches
[Sch19], the tool signifies a sort of control by someone other than oneself. They propose

that self-control tools should incorporate the desires of all parties involved with the tool.

Likewise, Pielot and Rello (2017) discovered that the absence of push notifications has

positive effects, such as making people feel less distracted and more productive [PR17].

However, it also has negative effects, as people feel less connected with others and become
anxious about being unable to adhere to social norms regarding responsiveness. Hence,
while being widely available by default on an impressive number of devices, self-regulation
tools like Digital Wellbeing and Screen Time have yet to reach their full potential for
digital health.

4.1.2 Nudgit Companion - An App with Digital Nudges

While various digital detox solutions exist, such as app blockers, screen time dashboards
(e.g., Digital Wellbeing on Android or Screen Time on iOS), or grayscale modes, they
typically rely on restrictive mechanisms, self-imposed boundaries, or penalty nudges
to reduce screen use. In contrast, Nudgit advances the state of the art by embedding
subtle, content-sensitive nudges directly into users’ natural browsing flow, rather than
interrupting or blocking it. This proactive and context-aware approach shifts the focus
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from enforcing constraints to encouraging reflective self-regulation. To monitor and
control participants’ news consumption behavior, we implemented an app for Apple’s
iOS platform (target version 15). The app acts as a host container for selected news
platforms, where we aimed to provide a flow of interaction similar to the original so that
user behavior within the news platform is unaffected. The app consisted of a home screen
(purposely designed similar to the iOS home screen, see Figure 4.1al), where the different
news apps were accessible. Pre-selected news platforms displayed their mobile web version
within the application. The app can inject JavaScript into these web versions, which was,
for example, necessary to hide particular articles. In addition to this basic functionality,
we implemented a nudge mode that can be activated by users. After activating this
mode, users can see additional statistics (like how many times they opened and how
much time they spent within a news platform). In addition, inspired by the literature, we
implemented three different types of nudges to help users reduce their news consumption

[PBH204].

Opening-Counter: We increased the effort to open the prototype app multiple times
within the same day. Users can only open a news portal by holding the corresponding
button, and the holding period is lengthened with each opening. We intended to
restrict people from repeatedly browsing because the action can become burdensome
if a news platform is opened frequently. We implemented an opening counter starting
at zero (0) every day (i.e., the counter was reset at 4:00 am), and the news app
would always open after holding the button for sqrt(counter) time.

Interceptor-View: The app allowed users to set their own time limits. The interceptor-
view is a full-screen sized overlay that would appear when the user’s pre-set time
limit is exceeded based on their usage. The overlay interferes with the user’s reading
flow (see Figure 4.1¢) while showing usage statistics to make the user aware of the
time already spent within the prototype application.

Content-Filter: Finally, we implemented a feature that allows users to control their
news consumption with respect to particular topics. For example, if one would
permanently feel the need to live check updates on “hot topics” such as the COVID-
19 pandemic or the Ukrainian war, the feature allowed to simply block articles that
would contain a self-defined set of keywords. These articles would then be removed
from the news feed. The filter can be activated and deactivated by the user, see
Figure 4.1c.

4.1.3 User Study

We evaluated the application as a longitudinal study over two weeks with 5 participants
(2 male, 3 female, mean age = 23.4, SD = 2.6 years). We followed a purposive recruiting
procedure for the participants. We shortlisted participants who spent at least three hours
per week reading the news, were interested in staying up to date on current affairs, and
expressed concerns about their usage patterns. First, they were briefed about the project
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Figure 4.1: In |4.1al the home screen is shown with disabled nudges, whereas in 4.1b,
the nudges are enabled, and the user is trying to bypass the Opening-Counter. 4.1c
and [4.1d show the entry page of a news platform as soon as the user opens it with
the difference that the Content-Filter is activated in 4.1d and hides the articles of 4.1c
as they contained keywords about the Ukrainian war or the pandemic. In 4.1e the
Interceptor- View intervenes in the user’s reading flow and draws the user’s attention to
the reading time.

and signed a consent form. The two-week lasting study included three semi-structured
interviews. The first interview was conducted before the app was installed on their device
on day 1. After completing the first interview, participants installed the application and
we explained its use in detail. They were also instructed to remove the original news apps
and use the provided app instead. From the 1st to the 5th day, the app was only used to
monitor participants’ news consumption behavior and all the nudges were inactive. After
the second interview on day 5, we activated the nudges. Participants continued using the
app with the nudges activated, and we conducted a third interview with them after 9
days (i.e., end of the 2-week study period).

Measurements

We combined a set of objective (usage statistics) and subjective (interviews) measures for
evaluation. As objective parameters, we recorded the number of times a particular news
platform was accessed and the total duration the platform was viewed whenever opened
(based on the foreground state of the application). This information was not only used

for evaluation but also displayed to participants when the nudge modes were activated.

Additionally, we recorded how often and how long the Content-Filter was activated, as
well as the number of times the Interceptor-View was displayed. Additionally, three
rounds of interviews were done at various stages of the experimentation process:
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First Interview: In the first interview, participants were asked about their smartphone
usage, online news intake, and feelings regarding digital detox. The initial interview
took place for about 25 minutes.

Second Interview: The second interview was held for 15 minutes. Participants were
asked to identify any terms in the articles they read that may have lowered their
mood. During this interview, the app’s nudging functions were activated. Then,
participants were emphasized to set their own time limit and reminder time, which
varied depending on the participant’s prior usage over the first five days. The
time limit was suggested to be set to 30% lower than the average usage and the
reminder time for one-third of the time limit. However, when asked whether they
agreed with such values, two of the five individuals proposed using higher numbers.
Furthermore, they were shown how to add and remove keywords, how to activate
and deactivate the Content-Filter, and how it functions.

Third Interview: In the final interview, participants were asked in-depth about their
experiences with the prototype app. It was interesting to see how they viewed the
nudges and how it influenced their news consumption and use of the prototype
app. Further inquiries focused on the impact of utilizing the prototype on the
participants’ well-being. The session lasted about 30 minutes.

4.1.4 Results

A Wilcoxon signed-rank test showed that 9 days of nudges did elicit a statistically
significant change in how many times participants opened the app (Z = -2.023, p =
0.043). In the first phase of the study, participants opened the app more frequently
(Mdn = 8.8) compared to the second phase when nudges were activated (Mdn = 5.2).
Additionally, the time spent on the news platforms decreased from a median of 18
minutes in the first phase to 11.3 minutes in the second phase. We used the thematic
analysis method to categorize and sort interview data. We wanted to investigate how the
nudges were perceived by the participants and how they felt about using the prototype
application. The core team consisted of three researchers (one female, two males) with
experience in HCI. We used an online whiteboard tool (Miro) to facilitate discussion and
categorization. The themes that emerged from the collected data are as follows:

Existing usage pattern: We found that participants read the news the most when they
are bored or have a lot of free time and nothing planned |[This finding contributes
to Chapter 7, subsection |7.53: Personalization and Adaptability.] One participant
reported "When I have a lot of free time, it tends to be more.” They stated that
they frequently open news apps while commuting. Another participant said "On the
bus or in public transport, I always have the cell phone in my hand or I just listen
to music.” They would also use the news app out of habit. The initial interview
was mostly used to gather the information, which was later verified.
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Urge to stay in the know: We discovered that our participants valued knowing what
was going on. They desired the information in order to have engaging conversations
in their social circles [This finding contributes to Chapter 7, subsection 7.3
Collaborative and Relational Design./ One of our participants said "I feel well-read,
I feel good because I feel like I am up to date and I am not missing anything." And,
in the early days of using the app, some of them deactivated the app’s content
filter feature on specific occasions like "In the beginning, I deactivated the filter
quite often, but then I didn’t actually do that anymore because I realized that it
doesn’t hurt if I just don’t read some of the information. I think that made me feel
better |[This finding contributes to Chapter 7, subsection |7.3: User Autonomy and
Control)."

Self-awareness: All of the participants stated that they became aware of how much
time they spend on the news app every day. One participant said "It was a bit
weird when you thought 'Have I really pressed it that many times?’" They also
discussed their reading habits and how it affected their mood for example one said
"I think this is a good idea, especially if you fall into such a pattern that you read
articles after articles on a topic and know exactly that it is not good for you to read
these articles because that doesn’t really change anything."

Support in detox: All three nudges assisted our participants in reducing their news
consumption. For the opening counter feature, one of our participants said "I think
that would have been more of a signal for me to say "okay, I've opened it eleven
times today, now I should put it away." Another reported for the Interceptor feature
"I think the quotes were pretty cool because they made me call someone a couple of
times." Some participants were able to calm down and unwind as a result of the
content filter[This finding contributes to Chapter 7, subsection 7.3: Cognitive and
Emotional Support.| One reported 'I realized that hiding news from Ukraine and
Russia doesn’t affect my life badly. Before that, it was influenced by negativity and
bad vibes'[This finding contributes to Chapter 7, subsection |7.3: Cognitive and
Emotional Support. |

Well-being: Some of them voiced their views on how certain issues and news stories
affect their general well-being. The Ukraine war and COVID-19 were two of the
biggest themes. One said "I have to say it’s gotten a lot better. So before using the
app, the flood of data from the Ukraine war was very high and with the app, it was
contained o bit." Both the initial and final interviews yielded this data.

4.1.5 Discussion

We conducted an in-the-wild study to capture participants’ usage data and experiences
to examine the results of digital nudges in the context of online news consumption using
our companion app. We discovered that using our app promotes self-awareness leading
to reduced usage. The nudges made them aware of how frequently they used the app
and how much time they spent on it, allowing them to establish their own time limit
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and feeling in control of their usage. This is consistent with the findings of Purohit et
al. (2020), where digital nudge interventions made users mindful of their actions in the
context of social media [PBH20a]. After employing the content filter, some participants
reported feeling more "contained". It assisted them in filtering out the news that they
found distressing. Unlike prior work by Schwartz (2019), where online self-regulation
tools seemed like they were controlled by someone other than oneself, participants of
our study claimed to be more in charge of their own activities by setting limits and
reminders [Sch19]. In comparison to iPhone Screen Time, the nudges of the prototype
application are less strict and the users can decide how often they want to be notified.
One participant stated “In contrast to the i{OS function, where you are only made aware
of your usage time at the end, it was so that you had a better overview of how much time
you were already spending on the page while reading.”. Another participant reported “I
think it’s a good thing that you can’t turn it off at all, because with 10S Screen Time I
just press “No limit today” and I don’t care anymore.”. We discovered a considerable
change in app opening and usage before and after using the prototype app. Participants
opened the individual news apps significantly less often when the nudges were active, and
also the average duration declined (we argue that given the difference in the medians,
the results could be likely significant with a higher number of study participants). Based
on our findings, we recommend creating systems that allow users to define their own
goals and receive reminders about them. With respect to the news reading behavior,
users should be able to select and reject a topic that they find compelling and distressing.
However, we cannot comment on the support for the formation of sustainable behavior
because this requires a broader investigation.

4.1.6 Conclusion and future work

We identified that the quantity of time and type of news consumed has a negative
impact on our participants’ overall well-being. It is consistent with the prior findings of
Nekliudov et al. (2020) and Thomée (2018) [NBC*20, Tholg]. Digital nudges delivered
via our app made participants more mindful of their behavior, resulting in successful
behavior modification throughout the study. Content filtering assisted them in removing
distressing content and feeling more tranquil. The opening counter was reported to
raise awareness about how frequently they visit the app. As soon as the previously
established time restriction was breached, the interceptor view alerted them. Some
participants described it as both unpleasant and effective. The statistics also reveal that
the overall app utilization is lower after nudging. Some participants expressed an interest
in continuing to read news through our app in order to maintain track of their behavior.
Some expressed an interest in doing the same to social media apps like Instagram. We
believe it is a solid starting point for introducing digital nudges into the smartphone
environment. The study’s limitation is the number of participants. For future work, we
would like to investigate the impact of having a larger number of participants use our
companion app for a lengthy span of time. We are also interested in how our ideas extend
beyond news apps and compare to social media apps. Also, how nudging can aid across
platforms such as tablets, PCs, and smart TVs is also an intriguing area of research.
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4.2 Watchful Detox Companion

This chapter is based on our following publication:

Shahu, A., Pechstein, F., & Michahelles, F. (2024). Beyond Screen Time: Exploring
Smartwatch Interventions for Digital Well-Being. In Proceedings of Mensch und
Computer 2024 (pp. 83-98).

As we delve deeper into the digital era, we witness an increasing number of individuals
engaging with available technologies. However, this heightened interaction often poses
risks to mental and physical well-being, as well as social relationships [SH16] [YFLIL20,
BM21Db]. The pervasive availability of information and connectivity has led to a rise in
perceived mental strain and stress. According to data from data.ai °, users worldwide
spent an average of 4.8 hours per day on their phones in 2022. Notably, social media, photo,
and video apps accounted for 70% of this time, aligning with predictions. This trend
further highlights the dichotomy between Landes’ concept of "my time," now categorized
into "consumption time" versus "personal time," albeit with blurred boundaries [Bro84].
Consequently, digital detox practices have gained widespread popularity.

Digital detox tools often come equipped with a variety of functionalities aimed at
supporting users who are finding it hard to disconnect. Popular choices are smartphone
applications, such as Digital Wellbeing, which comes with Android devices, Screen Time,
which comes with iOS, or other various applications found in Google’s Play Store or
Apple’s App Store. Adjusting one’s habits to reduce digital consumption is inherently
challenging due to the complexity of altering behaviors ﬂm There are numerous
ways to achieve a digital detox for smartphone addiction, spanning from basic guidelines
to elaborate technical aids designed for tracking, controlling usage, and limiting apps,
along with providing rewards for reduced screen time IMRDR23]. According
to research by Lyngs et al. (2019), digital detox tools typically incorporate four main
types of features to foster changes in behavior ﬂm: the ability to block or remove
distractions, self-monitoring capabilities, mechanisms to support progress toward goals,
and systems of rewards and penalties. Albeit the array of features offered by digital detox
applications to help users, an intriguing dilemma presents itself. Why use smartphone
technology—the very thing from which one is attempting to detach—as a means of
regulation? Or as Monge Roffarello and De Russis (2023) put it: “digital devices and
services are, at the same time, the source of the problem and the platform with which the
interventions are delivered to the user.” [MRDR23] There is another piece of technology
that is close to the smartphone and that can be a viable platform.

Smartwatches have emerged as the next big innovation following smartphones [JKCI16,
RPP14], with sales reaching 134 million units in 2023 and expected to grow by nearly

https://www.data.ai/en/go/state-of-mobile-2022/?consent Update=updated — Accessed Dec 2024
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30% over the next five years °. These devices have the potential to transform how
users engage with their phones and may help lessen dependence on them [CCBI5|. By
serving as a bridge between the user and their phone, smartwatches allow for interactions
that demand less of the user’s attention, assisting with small tasks and providing quick
access to information [VSVBT17]. In spite of these benefits, there are currently few|”
examples showcasing the application and effectiveness of wearables or smartwatches in
facilitating digital detox. A systematic review by Monge Roffarello and De Russis (2023)
investigating current work on digital self-monitoring tools lists no approach that makes

use of smartwatches [MRDR23].

In this case study, we explore the design and implementation of digital detox interventions
using smartwatch technology as a companion to help users become more aware of their
device usage and reduce screen time. Given the advanced functionalities and feedback
mechanisms of contemporary smartwatches, numerous intervention designs are viable. A
key advantage of a smartwatch is its wrist-mounted display or interface, often referred
to as the watch’s face. This placement facilitates quick interactions and enables users
to easily view information with minimal cognitive strain. Smartwatches also present
promising avenues for influencing physical activity behaviors and enhancing health
consciousness among users [SAVLT 16, (GMvO™18|. Given the availability of tracking
data for physiological metrics, physical activity, and phone usage, we propose the following
research questions:

¢ RQ 1: How could smartwatches support digital detox and reduce smartphone
screen time?

« RQ 2: Can health-data recordings meaningfully complement smartphone usage
data?

¢ RQ 3: How might we redesign interventions to reduce screen time based on these
findings?
4.2.1 Background

We delved into the literature on digital overload, habit formation, and implementations
and designs of smartphone-based applications to help with screen-time reduction.

Excessive digital device use

The design of smartphone applications, characterized by easy accessibility, engaging
interfaces, algorithms that deliver endless relevant content, and gamification features,
encourages prolonged use. Excessive and frequent use of mobile devices, and social media

SSmartwatch market statistics, https://www.mordorintelligence.com /industry-reports/smartwatch-
market — Accessed Dec 2024

"e.g. RSW-TIME OFF!, https://rudolphschellingwebermann.com/en/projects/off—
Accessed June 2024
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have been linked to influencing mental and physical health [YFLL20,SS* 18, BCF16], sleep
SPAT15,ISKR™21|, and academic performance negatively ISPAT15]. The primary
reasons behind the widespread engagement with digital devices, such as smartphones
and online content, internet addiction, and social media usage, are still under debate and
cover research from diverse areas, such as psychology, addictive behavior and disorders,
and HCI [KG11] IMRDR23]. While there is an ongoing discussion about the
roots of addictive behavior, there is a general agreement that therapy could focus on
either abstinence or moderated use, among other strategies. This leads to the concept
of ’digital detox’ as a method for managing excessive digital device use. As concerns
over digital consumption grow, tools to monitor, regulate, or limit device use have been
introduced. Ultimately, the responsibility falls on individuals to cultivate awareness of
their device use and to integrate these tools into their daily lives [NVPK23]. A systematic
review by Radtke et al. (2022) sought to evaluate the effectiveness of digital detox
interventions [RAST22]. After reviewing numerous studies, they found mixed and often
conflicting results on the success of digital detox efforts. The diversity in digital detox
implementations, differences in measuring outcomes, timing of assessments, selection
of participants, and the randomization of study groups were cited as reasons for these
inconsistent findings. Other limitations highlighted by the authors include the lack of
device-based measures of user behavior, which would allow for a more reliable assessment

than self-reported behavior.

Despite the awareness of digital well-being applications, a significant portion of users
either stop using them after a while or never start at all. Parry et al. (2023) while
investigating the adoption rate of digital detox applications ﬂm, found that
although 80.48% of their participants indicated that they are aware of digital well-being
applications, 63.06% of those respondents indicated that they have ceased using (16.12%)
or have never (46.94%) used such applications. The mixed outcomes of digital detox
efforts and the varying impact of social media on mental health highlight the nuanced
relationship between digital device usage and user wellbeing. As the digital landscape
continues to evolve, there is a pressing need to diversify the strategies and tools available
for individuals seeking to manage their digital consumption effectively.

Digital habit formation

A habit refers to the predisposition to engage in a specific behavior, with habitual
behavior stemming from this tendency [PVCBIg|. While individuals may be
aware of their actions, they often lack insight into the habit’s mechanics, rendering change
difficult [VVRIS]. Dual system theory offers an explanation for how impulses emerge and
decisions are made, distinguishing between two cognitive pathways: System 1 operates
unconsciously, quickly, and in parallel, relying on automatic responses, learned habits,
and heuristics. System 2, in contrast, is slower, conscious, and driven by goals, intentions,
and rules, playing a critical role in planning, decision-making, and resisting habits and
temptations. For a new, desirable behavior to become habitual, it must transition from a

System 2 to a System 1 process [Dani7, LLS*19].
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In the realm of digital detox, various strategies have been proposed to alter habits.
Pinder et al. (2018) suggest employing intentions and automation of self-regulation in
habit formation [PVCBIS8]. Monge Roffarello and De Russis (2019) categorize digital
well-being assistants based on their features into self-monitoring and intervention-based
approaches [MRDRI19]. Despite the prevalence of tracking and data visualization in these
applications, intervention features are less common, highlighting the diverse tactics each
self-control tool employs. Following an exploratory study, the development of a well-being
assistant revealed that although self-tracking is crucial for behavior change, it seldom
fosters lasting behavioral modification[MRDRI9]. Upon removal of the monitoring tool,
individuals often revert to their original behaviors. This finding highlights the importance
of grounding digital well-being tools in habit formation research to ensure sustained
adherence to healthy digital behaviors [MRDRI9]. Similarly, [LLS*19] analyzed Android
and i0OS apps and browser extensions serving as digital well-being and detox tools,
examining their implementation of dual system theory [LLST19]. While using different
methodologies and classifications compared to Monge Roffarello and De Russis (2019),
the analysis of feature distribution shows some degree of alignment [MRDR19]. However,
Lyngs et al. (2019) identify a lack of features aimed at habit scaffolding rather than
mere blocking. Furthermore, they noted a lack of delay mechanisms and expectancy
components, which gauge a user’s perceived likelihood of achieving their objectives

[LLS*19).

Digital self-control tools

Over the years, a myriad of digital tools and companion applications have emerged to
assist users in their quest to reduce application screen time, support self-monitoring, and
block application use. In 2013, Lochtefeld et al. (2013) released an app called AppDetox
in the Android Play store [LBG13|. The features provided were: One would allow users
to define time frames in which opening a particular application was restricted. Breaking
a rule was recorded and displayed in a separate overview. In 2016, Hiniker et al . (2016)
proposed the app MyTime, which tried to support people in achieving goals related to
smartphone non-use [HHKKI6]. Three intervention nudges were implemented: First,
users were asked what they wanted to accomplish today, then they could select from a
catalogue of all installed applications the apps they wanted to track and set a timer for
maximum daily usage. Whenever one of the tracked applications was launched, a live
notification in the status bar displayed a progress bar showing how much time the user
had spent with the application in relation to the set limit. When a limit was reached,
a Ul overlay displayed the set limit and the defined goal for the day, suggesting an
alternative to using the phone. The timeout feature was partly used to gain information
about usage, which was reflected in how users reacted to the ’time’s up’ notifications.
However, participants reduced their use of applications that they perceived as 'wasting
time’. With iOS 12, released in September 2018, Apple added Screen Time to the roster
of built-in system features. With this application, it became possible to get detailed usage
information, block or limit time spent with certain apps, and even get weekly reports
about usage trends in iOS. Starting with 2018, Android likewise got a built-in application
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called Digital Wellbeing® responsible for various aspects of digital detox. Dashboards and
overviews provide information on daily and weekly app usage, phone unlocks, and receive
notifications by app. Historical data was accessible only up to four weeks, although it’s
possible to programmatically gather aggregated data for more extended periods in lower
time resolution. The application is capable of providing settings for time limits for apps.
After exceeding these goals, the app or URL will get blocked and can’t be used for the
rest of the day unless the limit gets removed. Given how deep third-party apps need to
be integrated into systems to support restricting features, providing default built-in tools
in the commonly used mobile operating systems can be seen as a sensible strategy to
ensure users’ privacy and security.

Okeke et al. (2018) created an application for Android called GoodVibe that provides
users with real-time, textual feedback on how much time they have spent on a mobile
application [OSDEI8b]. Furthermore, a digital nudge in the form of gentle phone
vibrations when a specified daily usage limit for an app is reached was added. Kim et al.
(2019) own application Goalkeeper employed several different mechanisms and proposed
comparably more substantial restrictions on their users [KJKL19]. Standard features
like a timeline, the capability to define time limits for applications (daily and weekly
limits are supported), and utilizing the notification bar to provide quick access to usage
information were included. The authors, furthermore, introduced a break and lockout
mode during which only basic phone functions can be accessed. A break mode could
be started voluntarily and stopped at any given time, whereas lockouts were triggered
after exceeding defined usage limits for applications. Monge Roffarello and De Russis
(2019) implemented Socialize after reviewing 42 available digital detox applications using
features that were present in at least 15% of these apps: tracking, data presentation,
timers and contextual interventions [MRDRI9]. Although using Socialize, participants
constantly checked their phones, they still managed to reduce the time spent on social
media significantly. However, interventions were rarely used, and even the use of Socialize
did not change how they perceived problematic phone use. Purohit and Holzer (2021)
experimented with iOS Shortcuts application to create nudges to reduce the use of
Instagram [PH21]. Shortcuts allow users to program tasks without knowledge of any
programming language and can thus theoretically be used with any app or content. The
authors see the benefit of ensuring privacy and ethics by using this approach with built-in
resources and mechanisms.

Challenges of self-control tools and nudges

Thaler and Sunstein (2008) define a nudge as a subtle feature of choice architecture that
predictably influences behavior without restricting any options or significantly altering
economic incentives [T'S08]. Essentially, nudges gently guide individuals towards healthier
choices by making those options more accessible, such as placing a basket of free fruit
next to a snack machine as an encouragement for healthier snacking. Digital nudges,
as described by Weinmann et al. (2016), use interface elements to subtly guide user

8Digital Wellbeing-|https://www.android.com/digital-wellbeing/|-Accessed June 2023
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behavior in decision-making scenarios, leveraging the design of the choice presentation
to influence decisions unconsciously, in line with dual-process theory [WSB16b]. Simple
changes, like altering default settings, have been shown to significantly impact choices,
demonstrating the power of choice architecture [MVS16].

Building habits, according to dual-system theory, involves transitioning behaviors from
conscious, deliberate actions (System 2) to automatic, subconscious processes (System
1). However, developing new habits, particularly those related to health and activity, can
take months to solidify and might demand nudging. mHealth user studies implementing
interventions to promote more active lifestyles describe three to six months until exercises
become habitual behavior [LV.JPWI0]. The challenge lies in maintaining engagement
without the interventions becoming burdensome to the point of abandonment. Schwartz
et al. (2021) propose strategies to minimize the risk of users abandoning digital well-
being tools, including adjustable interventions, combining different strategies, offering
user control over chosen interventions, and ensuring consistent engagement in defiance
of technological changes [SMRDRA2I]. Kovacs et al. (2018) also suggest rotating
interventions to keep users engaged, acknowledging that users may eventually overlook
static nudges [KWBI§|. However, nudges’ effectiveness can vary, with their impact
dependent on the context and how they’re implemented [MVS16]. The ethical dimensions
of nudging, particularly regarding digital detox efforts, raise concerns over privacy, control,
and the potential for manipulation, highlighting the importance of designing nudges that
are transparent, easily opted out of, and genuinely aimed at improving user well-being
[Thal8l [GLAO23, [PBS™23|. Critiques of self-control tools highlight the necessity
for a balance between user desires and the objectives of tool designers, platform owners,
and application developers [Sch19, SMRDRAZ21]. Ethical and usability concerns must be
addressed to ensure that digital nudging tools enhance user autonomy and experience
without encroaching on privacy or free choice [PH21]. Therefore, while digital
nudges and self-control tools offer promising avenues for encouraging healthier digital
habits, their design and implementation must carefully consider user acceptance and
the subtle balance between guiding and controlling user behavior. Monge Roffarello
and De Russis (2023) found in their systematic review that current digital self-control
tools include a lack of theory and, in general, disregard ethical implications and issues
[MRDR23]. Secondly, the prevalent short-term evaluation leaves their performance in
terms of building long-term sustainable habits up to speculation. Furthermore, the
authors propose based on the review that future research might look into overcoming
a limited perspective that focuses on technology overuse and self-monitoring tools and
finally find a way to deal with the business models of big-tech enterprises, that benefit
from the continuous and frequent usage through their users and clients [MRDR23].

Towards Wearables

Wearable devices, including smartwatches, have played pivotal roles in research focused
on behavior change interventions, such as encouraging more active lifestyles among
sedentary individuals [SPAT 15, [SPT3, MPV*16]. Wearable technologies offer two primary
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health-related applications: they can proactively correct unhealthy behaviors to prevent
diseases, or they can provide diagnostic support by continuously monitoring and analyzing
biomedical signals to detect medical conditions [MSKRJI7]. These devices incorporate a
variety of compact sensors capable of tracking critical physiological indicators, including
heart rate, oxygen saturation, blood pressure, skin temperature, respiration rate, and
skin conductance [MSKR.JI7, PB09]. Additionally, wearables can be equipped with
sensors to measure movement via accelerometers and gyroscopes and other environmental
factors, such as orientation through magnetometers, location with GPS, and atmospheric
conditions using barometers, humidity sensors, temperature gauges, and light sensors
[MSKRJ17]. Raw sensor data collected by wearables can be processed and analyzed
directly on the device, and then transmitted to other devices or cloud services for
additional processing or storage. This analysis includes interpreting sensor signals to
identify medical conditions or detect physical activities such as gait, step count, sleep
patterns, and more, directly within the device [Udd19].

Wearable technology encounters several challenges that can affect user adoption, one of
which is the precision of sensor data or the accuracy of recognition outcomes. For example,
Svensson et al. (2019) investigated the reliability of sleep cycle detection by the Fitbit
Versa smartwatch, comparing its readings against those from a validated single-channel
EEG system across two weeks of nightly data from 20 participants [SCTT19]. Although
there were no significant differences in the measurements of time spent in bed and overall
sleep duration, discrepancies arose in the estimation of time spent in deep sleep and awake
periods, with the smartwatch both significantly overestimating and underestimating these
phases. Regardless of these variances, Svensson concluded that the sleep tracker could
still be useful for measuring sleep duration in longitudinal studies, albeit with certain
caveats [SCTT19]. Integrating data from various devices or sources to assess mental
state, mental health, stress, and sleep quality is a well-established practice.

Sano and Picard (2013) combined accelerometer and skin conductance data from wearable
sensors with mobile phone usage data to gauge overall health, mood, and stress levels
[SP13]. In a separate study, they gathered information from wearable sensors and phone
data, as well as self-reported sleep scores and personal characteristics, to identify factors

influencing academic performance, sleep quality, stress, and mental health ﬂm

Massar et al. (2021) have shown that data from wearable sleep trackers, phone-based
tappigraphy (analyzing interaction patterns), and self-reports provide both overlapping
and unique insights into sleep behavior ﬂm While tappigraphy doesn’t directly

measure screen time or app usage, it offers indirect estimates of daily screen exposure.

Past research utilized physical activity and sleep data from smartwatches, along with
screen time data, to evaluate sleep quality and behavioral health, proposing methods that
predict sleep quality with a high accuracy of 91%. These studies underscore the potential
of combining wearable technology and digital usage data to enhance our understanding
and management of health and well-being [ACB21l [ACB22]. Although advancements in
wearable technologies for health monitoring and behavior change have been made, there’s
a significant gap in accurately integrating and analyzing data from various sources to
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fully understand health states. Furthermore, combining data from wearables with other
sources to assess behavior, mental health, and sleep quality is a promising direction for
digital detox. Furthermore, to add to this regard, findings from Cecchinato et al. (2015)
suggest that using smartwatches helps users manage their availability and can reduce the
time spent on other devices [CCB15].

4.2.2 Concept and Prototype development

Based on the literature review, we propose the following intervention approach:

Intervention Design

Drawing from the findings in the literature and an examination of existing reference
applications, intervention designs were developed, largely inspired by the methodology
outlined by Okeke et al. (2018) in their work [OSDEI8D]. Studies that emphasize the
effectiveness of self-monitoring and ambient feedback in promoting reflective action, such
as digital nudging [SMWM?22] and lightweight tracking interfaces [LSE21], influenced our
decision to use wearable collected indicators such as screen unlocks, app usage times,
and ambient prompts. Building on these findings, we introduced contextualized visual
feedback (e.g., personalized graphs and gentle reminders) to support user autonomy
without overwhelming them.

Platform selection for phone and watch: The mobile OS market [, once diverse,
is now dominated by Android (approximately 68% market share) and iOS (around 30%).
For this research, Android was chosen due to existing development experience, especially
since both platforms offered necessary APIs: iOS with its Screen Time API since iOS 15
and Android’s UsageStatsManager since Android 5.0 Lollipop ['!. Choosing a smartwatch
platform involved evaluating options like Garmin, Suunto, Tizen, and Wear OS. Even
though initially Garmin was considered as the development platform for its simplistic
and features and health & sports focus, limitations in phone-watch communication led
to selecting Wear OS for its seamless integration with Android. The Suunto 7 model,
running Wear OS 2.5 and equipped with Google Fit, was chosen for its compatibility and
comprehensive Google-backed software ecosystem, promising well-documented integration
and testing.

Watch face: Displaying information directly on the watch face offers a straightforward
and efficient means of delivering data to the user without significant interference or
distraction, as illustrated in Figure |4.2a. This approach is common across various

9Mobile Operating System Market Share Worldwide, https://gs.statcounter.com/os—
market-share/mobile/worldwidel-Accessed May 2023
UScreen Time API, https://developer.apple.com/documentation/DeviceActivityl Ac-
cessed May 2023
llUsageStatSManager, https://developer.android.com/reference/android/app/usage/
UsageStatsManager—Accessed May 2023
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Figure 4.2: Watch face example and early sketches.

types of watches capable of processing data, encompassing applications in the medical
field (such as blood sugar levels and heart rate monitoring), sports, daily activities (like
notifications or navigation), and even entertainment (games). Watch faces possess specific
characteristics that can complicate the display of sensitive information: they are openly
worn and designed for quick readability. Yet, for non-standard watch interfaces, like a

highly customized watch face, the data may only be interpretable to an informed observer.

Accordingly, adopting the design principles outlined by Jafarinaimi et al. (2005) in their
development of Breakaway—a smart sculpture placed in a public space to encourage
taking breaks from sitting too long—we used the following logical components to design

the watch face [JFHZ05]:
1. Abstract: We display only aggregated application data and usage totals.
2. Non-intrusive: Watches and their faces are unobtrusive by design.

3. Public: Data is glanceable only by the informed user as color mappings are unique
for each user. However, total usage time can be problematic but is required.

4. Aesthetic: Customization options are available through complications and coloring
schemes.

The watch face functions as a source of near real-time feedback for the user throughout

the day, independent of phone use, thereby enhancing awareness of their device usage.

Figure 4.2b| shows an early draft of this intervention. The watch face is subject to the

greatest number of constraints, in line with the design principles for Google’s WearOS |'3.

Therefore, given that the face serves as the primary interaction hub, it is logical to extend
certain design elements to the phone application. By presenting information in consistent

12Google Pixel 2, https://store.google.com/gb/product /pixel_watch_2-Accessed January
2024

BWearOS design principles: |https://developer.android.com/design/ui/wear/guides/
foundations/design-principles~Accessed August 2023
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formats across various interfaces, it simplifies the process of assimilating combined data,
thereby minimizing cognitive effort. The circular design, which is a prominent feature in
the initial touchpoints of both the watch interfaces, is reused in other elements to enhance
design consistency. This approach is evident in the appearance of the time doughnut and
the alarm-input-slider, as illustrated in the respective Figures 4.3c and |4.3d.

Alarm nudge: Our objective is not to develop an entirely new approach. Rather, we
are drawing inspiration from the concept of digital nudges SMWM?22]. Purohit
et al. (2020) research focused on exploring ways in which digital nudges might challenge
the addictive design contexts commonly employed by social media platforms [PBH20a].
The design also borrowed elements from Okeke et al. (2018), approach, utilizing vibration
as a discreet nudge on the watch [OSDEI8D]. This occurs when the user exceeds a
predetermined amount of daily screen time, prompting them to divert their attention
from their phone and reconsider their usage patterns. To ensure the user’s focus shifts
from their phone, the vibration notification can only be dismissed on the watch itself. If
the user persists in using a specific app beyond the daily limit, the reminder will activate
once more. Accompanying the vibration is a message displayed on the watch, stating:

You have been using “<application name>" longer than you intended.

This message was crafted to be straightforward and neutral. Unlike the specific limits set
by Okeke et al. (2018) for Facebook usage, participants have the flexibility to establish
their own limits for any app they wish to use less, encouraging a personalized approach
to digital well-being [OSDE18b]. Early drafts of how this visual nudge might appear on
the watch are illustrated in Figure |4.2c.

Color comnsistency: Colors serve as a key source of information, indicating which
application was utilized in summaries and visualizations, as well as the duration and
timing of its use. To maintain clarity and coherence, it’s imperative that color mappings
remain unaltered and consistent across all interfaces on both the phone and the watch.
This consistency is maintained by creating a registry of all apps and assigning a color
code that matches the primary color of the app’s icon. Examples of how this color
consistency is implemented across various devices, offering a unified view through the
same application and color mapping scheme, are illustrated in Figure 4.4. Furthermore,
color is incorporated as an additional attribute in all synchronization or alarm notifications
to ensure uniformity across all connected devices.

Watchful phone companion application

Technical design: To ensure optimal user experiences, we adhered to Google’s guide-
lines for modern Android development ' across all aspects of our development. The app

Y“Modern  Android Development, |https://developer.android.com/modern-android
developmentlAccessed July 2023
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Figure 4.3: User interface of Watchful Application.
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Figure 4.4: Color consistency per application across views and devices.

was developed in Kotlin, utilizing a single-activity architecture complemented by modular
components for respective features. The Ul design was inspired by Google’s Rally, a
material design study '° and is implemented in Jetpack Compose. Data persistence
was managed with Room, providing a sophisticated layer over SQLite to store app and
phone usage data collected from the Android system’s StatsManager API. This data
served as the foundation for the app’s backend, enabling Ul interactions. To achieve
a cohesive data presentation, a unified format was created using Kotlin dataframe'®,
facilitating straightforward statistical calculations and implementing graphical represen-
tations against the data frame as interface. We created custom visualizations for bar and
line charts and incorporated unique input methods, such as a slider for setting alarm

thresholds, all realized through Jetpack Compose.

Data visualization design

The phone application offers a range of visualizations focused on either usage or health
data, providing insights into digital and physical well-being.

Usage Data : Derived from Android’s UsageStatsManager API, usage data informs
several graphical displays within the app:

¢ Daily Overview: The main feature of the overview screen is a doughnut chart
displaying application screen time and the number of phones unlocked since mid-
night, as illustrated in Figure 4.3al This layout closely mirrors the design of the
Digital Wellbeing dashboard.

¢ Daily Overview Over Time: Swiping the doughnut chart switches to a 24-hour
clock-like graph with colored segments for app usage, helping identify heavy usage
periods, as shown in Figure 4.3bl

15Rally Material Design, https://m2.material.io/design/material-studies/rally.htm
and https://github.com/android/compose-samples/tree/main/Rallyl-Accessed July 2023
1Kotlin Dataframe, https://github.com/Kotlin/dataframe-Accessed July 2023
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Figure 4.5: Health data visualizations for the last 24 hours.

o App-Specific Overview: Displays a 24-hour usage breakdown for a selected app,
including alarm triggers as white marks and a list of timestamps, as shown in 4.3c.
Beneath the clock display, a bar chart presents the weekly aggregate of screen time
over recent weeks.

o Historical Data Overview: Offering a long-term usage perspective, another view
presents weekly screen time totals as a bar chart.

Health Data Visualizations : Health data sourced from Google Fit includes the last
24 hours of activity:

e Heart Rate: Displayed in 5-minute intervals on a line graph, with app usage and
sleep data integrated for a comprehensive health overview, as shown in Figure 4.5al

o Steps Data: Step counts are aggregated into 5-minute intervals and displayed as
a bar chart, with app usage shown on a separate axis, depicted in Figure 4.5b.

e Sleep Data: Sleep duration is shown in the heart rate and step charts as large grey
blocks, indicating bed and wake times without detailing sleep cycles for simplicity
and accuracy concerns.

Watchful Watch Companion Application

Technical design: Similar to the phone app, the companion app for the watch was
developed using Kotlin and Jetpack Compose. A backend app manages communication
and data storage, utilizing protocol buffers for efficient data handling '’ Additionally,
distinct activities were crafted for alarm functionalities, illustrated in Figure 4.7c and
to furnish detailed data visualizations. The watch face component, depicted in Figure

4.7al is built on a WatchFace Service, displaying the current data from the storage layer.

7 protobuf/https://github.com/protocolbuffers/protobufl-Accessed July 2023,
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Figure 4.7: Watchful’s watch application screens.

For a detailed breakdown of the watch face’s displayed information, refer to Figure 4.6.
Notifications on the watch are activated via the phone application once a usage limit
is initially exceeded. If the participant persists in using the app beyond this point, an
alarm is set off after a 10-second threshold period.

User interface implementation: The watch face features a doughnut chart showcas-
ing the top five applications by screen time, along with a sixth ’other’ category, mirroring
the central design element of the phone app (refer to Figure |4.3a and 4.7a). To the left of
the time display, the total daily screen time is shown in hours and minutes, while to the
right, the cumulative count of phone unlocks is presented. Additionally, two complication
slots above and below the time display offer customization options, potentially used to
show information like the date, battery level, weather conditions, and more (as detailed
in Figure 4.6). The watch app includes an additional activity beyond the watch face,



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.2. Watchful Detox Companion

-
Suunto 7 Smartwatch \ * Android Smartphone Services

¢ @ - @ - E
QD ol P

"

Google Fit
fsencers 77—\
&

Suunto Application \ ¢ Wear OS APIs gg;l’th & Activity
_s . .
@ Watchful Application @ Android System Services <> Usage Data/Events
i L ., Suunto specific Health &
‘: ? Google Fit Application Activity Data

Figure 4.8: Data flow between all components.

designed to provide a more detailed view of data in a list format, which displays up
to six items (the top 5 applications by screen time and an ’other’ category), as seen in
Figure 4.7bl. Each item in the list displays the application’s name, its daily screen time,
and a doughnut chart indicating its share of the total daily screen time. The alarm screen,
illustrated in Figure 4.7¢, features a design highlighted by the color of the application
that triggered the alarm, including both the app’s logo and the OK button.

Watchful’s components communication: Figure 4.8 illustrates how data is ex-
changed among the key components of the prototype’s architecture. The diagram includes
the WearOS data layer: the phone and wearable device communicate through Bluetooth.
If Bluetooth is unavailable or turned off, the system automatically switches to using a
Google Service via WiFi or LTE for data exchange '®. Interactions between the phone
and the watch app, rely on WearOS APIs, such as the data layer, to push latest usage
figures or send notifications. To conserve bandwidth and battery life on both devices,
the system is designed to transmit only essential updates. This means no data is sent
if there’s no new phone usage activity, minimizing unnecessary communication. The
system ensures that application or health data remains on the device, only leaving if
participants choose to export their data upon completion of the study.

4.2.3 Evaluation - User Study

To evaluate the prototype’s impact, a preliminary user study was conducted, where
quantitative data regarding phone usage was gathered. As shown in Table [4.1 the study

8WearOS data layer, https://developer.android.com/training/wearables/data/data~

layer—Accessed July 2023
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was divided into three phases. Participant interviews offered a deeper understanding of
their individual experiences.

Study Design

Nine students (2 females, 7 males) were recruited from a pool of bachelor course partici-
pants using word of mouth. Selection criteria included their willingness to undergo digital
detox and ownership of an Android smartphone. Participating students received bonus
points as compensation. Those interested had to read an information sheet and sign
a consent form before joining the study. Participants in the study were provided with
smartwatches and guided through the setup process during the briefing meeting, which
always took place on Mondays. Instructions for the first week involved wearing the watch
as much as possible, including during sleep, to acclimate to it and familiarize themselves
with the watch face. The application observed their behavior during this time. At the
end of the first week, participants received an email reminder to begin using the nudging
functionality for selected applications during the second part of the study. The email also
included a brief survey to gather initial impressions and address any technical difficulties
or questions. Upon completion of the two-week study period, participants returned to
the lab to submit their data and hardware exports and participate in interviews about
their experiences. The interviews were audio-recorded using a handheld recorder.

Table 4.1: Study Phases Description.

Phase Description
Baseline Phase

e 7 days prior to the beginning of the study.
e Extraction of screen-time only as a reference.

Passive Ph
asstve ase o First 7 days.

e Participants should accommodate themselves to the
watch.

e Only monitoring of screen-time through Watchful appli-
cations.

e« No alarm intervention.

Active Ph
crve ase o Last 7 days.

o Continuation of monitoring.
e Active alarm intervention.

In contrast to previous studies [OSDEISD, [PBH20Db], the week preceding the
study’s commencement served as the baseline reference for comparing subsequent two-
week periods of usage. Due to the limited number of watches, only three participants
could participate simultaneously. This approach proved beneficial, particularly in the
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initial phase, as it facilitated the streamlining of briefing and setup procedures and
enabled prompt resolution of technical issues. For instance, certain Android distribu-
tions’ manufacturer-specific characteristics necessitated consideration to prevent system
processes or unique Ul widgets from skewing usage statistics and disrupting user experi-
ences. Software patches could swiftly be developed and disseminated to participants via
Android’s Play Store to address minor issues.

Measurement

Using the participant’s phone usage history, the following metrics were extracted to assess
behavior throughout the study period and at least seven days before its commencement:

o Start and end timestamps of applications running in the foreground.
e Timestamps of phone unlock events.
o Timestamps and application origin of alarm events.

o Timestamps, application, and nature of alarm-settings changes (e.g., creation,
deletion, or update of limits).

Additionally, with the integration of Google’s Google Fit!'” into the watch, additional
physical metrics were accessible for use in phone-application visualizations and post-study
analysis:

o Heart rate (time series data).
o Steps (time series data).

o Sleep activities (beginning, end, and sleep cycle).

Participants were instructed to export their data at the study’s conclusion using a
feature integrated into the phone application. This application collects data from a local
database, while remote Google Fit services generate domain-specific CSV files labeled
with a UUID on the phone’s internal storage. Finally, to facilitate sharing through a
participant-selected channel, a zip archive was created as a final step. An import routine
was utilized to transfer the zip-archived files into a dedicated timescaleDB?| database,
which was running locally on the moderator’s notebook. This database served as a
centralized repository for all the study’s data. Leveraging the powerful tools provided
by TimescaleDB for interacting with time series data, event data describing ongoing
user interaction with the application in the foreground was converted from a descriptive
representation into time-series data points with one-minute resolution. As depicted in

Y Google Fit, |https://www.google.com/fit/-Accessed May 2023
20TimescaleDB/https://www.timescale.com/Accessed May 2023
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Figure 4.9: Transforming descriptive event data to data points for easier analysis.

Figure 4.9| this transformation resulted in six data points for each event, each with a
duration value that represents a fraction of the event’s duration at the given timestamp
of the full minute. Consequently, the process of preparing data for statistical analysis for
arbitrary time frames and buckets, with optional gap-filling functionality, was simplified
through this transformation. To conduct an initial exploration of the data, which had
been consolidated into a unified database, the visualization tool Grafana®'|was employed.
Custom views were implemented through dashboards, facilitating insightful analysis.

4.2.4 Results

Data from 3 of the original 9 participants were excluded due to incomplete and erroneous
records, resulting in a remaining group comprised of 5 males and 1 female, with an average
age of 23.5 years and standard deviation = 1.70. It should be noted that for metrics
related to the physical attributes of participants (such as sleep patterns), baseline data
preceding the study commencement was not available. Consequently, any conclusions
regarding the impact of the interventions on these physical attributes are outside the
scope of the presented user study.

Impact of the intervention on phone usage

To test for significant changes between baseline and passive/active intervention phases, a
Wilcoxon signed-rank test was used due to the small sample size. The key findings from
the study on the impact of intervention methods on screen time and app usage include
the following key points:

1. Screen Time Reduction: There was a notable decrease in overall screen time
during the first week of the study, which was statistically significant (p = 0.03125,
effect size e = 0.572). However, this reduction was less pronounced during the

2lGrafana Labs, https://grafana.com/grafana/-Accessed November 2023
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(a) Weekly app usage with limits by phases. (b) Weekly overall phone usage by phases.

Figure 4.10: Analysis of weekly usage and changes for both overall and application-specific
screen time.

active week, where intervention methods were fully implemented (p = 0.15625), as
shown in Figure |4.10.

2. App Usage with Defined Limits: For apps that had usage limits set, there was
a consistent decrease in usage across both passive and active weeks. During the
passive week, usage dropped by 17% (p = 0.028839, effect size e = 0.3965), and
during the active week, it decreased by 6% (p = 0.1489).

2n

3. Changes in "Problematic *°" App Usage Patterns:

a) A reduction in usage of "problematic" applications was observed between
19:00 and 07:00 during both passive and active phases, approximately -5%
(p = 0.00049, e = 0.33).

b) Conversely, there was an increase in overall usage of these apps during the
day (between 07:00 and 19:00) in the active phase.

4. Effectiveness of Alarms: Alarms introduced as part of the intervention did not
perform as reliably as expected. The presence of alarms might have nonetheless
contributed to the continued reduction in the usage of apps with limits between
19:00 and 07:00. The selection of the time window for daily limits could have been
more optimal.

Findings from survey and interview data

After the first week, participants completed a survey to share initial impressions and
feedback, the survey hinted at user experience trends. However, more in-depth insights
emerged from semi-structured interviews, with questions emphasizing personal experiences
with the prototype’s features, the perceived reduction of screen time, likes and dislikes,
and suggestions for future development. Analysis of these interviews, facilitated by a
Miro dashboard, and performed by two researchers, identified the following key findings:

22 Among the top 5 apps renowned for their "endless scrolling” and binge-use tendencies, with enabled
alarm limits.
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1. Watch Interface and User Experience: The watch interface received favorable

feedback from participants, although some found wearing the watch to be cumber-
some. As Participant 2 described I used my phone a lot more before that.[...] 1
wasn’t used to wearing a watch. And so it was kind of like you have something that
always reminds you why you’re wearing this [watch] [ ...] I don’t really like the
watch, as my wrists are too small for the watch. Participant 4 said [ ...] Maybe
just like being shown how much you use your phone on a daily basis, which the
watch facilitates— you’re consciously thinking about it. But after a while, it just
gets thrown into your subconscious again. So you don’t really think about it [=your
usage] [any longer].

. Alarm Feature Feedback: Although expressing annoyance with the alarm’s

vibration feature, participants provided overall positive feedback. Participant 1
shared I limited my notifications to the watch just because it gets annoying, especially
if you’re in huge group chats or something. It vibrates all the time, which is really
off-putting. [ ...] But you can customize it [=the notifications]. So that’s fine.
Participant 6 said Most useful was the vibration on the watch when I overused too
much. Because it was really, you know, it made me kind of angry with the watch.
But that was the point. [...] every time it vibrated, I didn’t want it to repeat, so I
didn’t even use the app at all. So I just forgot about it. Yeah. So I think that’s a
good sign.

. Reduced Phone Interactions: Participants observed that the watch potentially

decreased their phone interactions by enabling them to read notifications directly on
the watch [This finding contributes to Chapter 7, subsection |7.3: User Autonomy
and Control.) Participant 1 said I would say that people tend to unlock their phone
less if they have a watch just because you get notifications and you can check the
time using the watch. Like I think most people they use, they’re — even if they just
want to check the time or they’re bored, they will look at their phone and then say,
Oh, I got a new notification. Then they unlock it. So, especially with certain apps
that like get push notifications, they give push notifications, so you do engage. So
yeah, I think the watch can curb that if that’s what you want to do.

. Health Data Integration and Sleep Tracking: While the integration of health

and usage data was met with skepticism, the sleep-tracking capabilities of the watch
were well-received. Participant 3 mentioned I like, for example, that I could see how
my heart rate changed during the usage of an app. So I could see the excitement
that caused the item — the appeal of the app to use it, for example. And I also like
that I could see my overall health a bit better. So I like to know when I'm stressed
or how I could sleep, for example. [...] I think that I've improved my sleep a bit
using this app or the watch overall. Participant 5 said I think — the most used
features where the heart rate sensor and the sleep tracker [on the watch through the
Suunto app]. Because it was like, okay. And now we have a goal to live up to.
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5. Enhancing Alarms for Better Accountability: There is a need to enhance
the alarms with greater transparency and accountability. For instance, Participant
4 said Like, if you set up a threshold for an app. I don’t know if you could, like,
maybe color code how far away you are from that threshold. Participant 6 explained
Like, I want to use the phone for 3 hours a day, and that’s it and maybe you just
get every hour [a] notification: You've used it for one hour — for 2 hours — as it
gets closer to the 3 hours [limit].

6. Structured Guidance and Goal Setting: A desire for more structured guidance
and recognition was expressed by participants, indicating a need for improvement
in support. Participant 3 said Something like an app-specific graph. Like, if you
want to use, for example, Facebook a bit less than it would be useful if the app had
some summary of only the usage of, for example, Facebook. And then you could set
some goals for the week or so maybe or get some notifications that you did better
this week and use it less or something like that. Participant 4 mentioned You could
do something like where you see the — where you put in pre-configured alarms for
the most used apps of that person. So the first week, you analyse usage using the
watch, and the second [week], you say, “Okay, these are your top three apps. Would
you like to set up an alarm for these apps”?

4.2.5 Discussion

Reducing screen time on phones and specific apps proved effective for most partici-
pants. The study heightened participants’ awareness regarding their app usage patterns.
Equipped with the prototype application and the smartwatch, they gained easy access to
their usage statistics. This visibility enabled them to make more informed choices about
their smartphone interactions, fostering a more mindful approach to app usage. For some
participants, wearing a smartwatch was a new experience, acting as a constant reminder
of their participation in the study and its objectives. Although this novelty effect tended
to diminish over time, in some instances, had a more substantial impact on reducing app
usage than initially expected. This was particularly true for those who found the watch’s
size and weight to be intrusive. We observed instances where nudged applications had set
limits that were either close to or beneath the users’ average daily usage from previous
weeks. In these cases, the alarm feature effectively curtailed the usage of certain apps
beyond their preset limits, presumably aiding in the reduction of overall daily screen

time for these selected apps. Drawing parallels to the alarm design used by Okeke et al.

(2018), we infer that the alarm mechanism in our proposed design might not facilitate
the development of lasting, sustainable habits over time [OSDEISD]. In many instances,
participants nearly unanimously characterized the alarms as exceedingly irritating and
overly aggressive. One participant even went so far as to say that the initial shock of
the alarm was so jarring, that they made it their mission to avoid triggering it for the
duration of the study. This reaction was not the desired outcome of implementing alarm
nudges. Nevertheless, such responses offer valuable insights, highlighting the importance
of careful nudge design, as advocated in the concept of "nudge for good" [Thal8]. This
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behavior is anticipated to be a short-lived reaction, possibly resulting in the eventual
discontinuation of the use of such interventions. This aligns with findings from Okeke
et al. (2018) [OSDEI8D], who noted similar challenges regarding the long-term efficacy
and sustainability of their interventions. The smartwatch, by offering timekeeping and
notification forwarding features, potentially reduced the frequency of phone interactions
for its wearers. By centralizing access to time and notifications, the watch could diminish
the temptation to 'wander off’ into other phone applications, thus lowering the likelihood
of prolonged screen engagement. This concept echoes findings by Oulasvirta et al. (2012),
who suggested that the habit of checking one’s phone can often lead to unintended
usage of additional apps, thereby increasing overall screen time [ORMRI2]. However,
the cognitive load associated with receiving notifications on a smartwatch might not be
significantly less than that of notifications appearing on a smartphone. This similarity
in "attention cost" between device notifications MPV ™16, MBL"17] indicates
that the selection of which applications are allowed to push notifications to the watch
should be made with careful consideration, aiming to balance convenience and potential
distractions. The observed reduction in screen time cannot be attributed entirely to
the smartwatch app. The mere presence of the smartwatch was found to be sufficient
to prompt and remind participants to engage in a detoxification process. The evidence
suggests that interventions targeting not only smartphones but also the wider ecosystem,
including wearable devices such as smartwatches, have a significant impact on phone
usage and result in a notable reduction in screen time. Also, external factors, such as
increased workloads, social engagements, or travel, could beneficially influence screen time
reduction by naturally limiting free time or altering daily routines. With all participants
being students experiencing the busy end of the semester, their phone usage might have
been affected. Although these potential influences weren’t reported as significant or
memorable by the participants during the interview and debriefing, they could have
nonetheless played a role in changing their screen time behaviors.

Changing ingrained habits requires time and patience, often more than three months,
for sustainable results, with setbacks and motivation lapses being part of the process
[LVJPWIO0]. Given this, the short-term nature of a two-week intervention is unlikely to
yield lasting changes in phone usage habits, with initial reductions in usage typically
not sustained over time. This was observed during the study, where usage decreased
more significantly in the first week than in the second, indicating a possible decline in
commitment to reducing screen time. Participant behaviors, such as disabling features
critical for intervention effectiveness, with Participant 2, who disabled Bluetooth during
the second week of the study, effectively killing alarm and watch-face data updates,
highlight the challenges of maintaining reduced usage. Additionally, the discomfort
reported by some participants wearing the prototype watch suggests that while it served
as a reminder of their goals, the novelty and its effectiveness faded over time, leading
to a probable return to undesired behaviors. This aligns with other studies questioning
the long-term viability of digital detox interventions and the observation that even with
access to digital well-being tools, many users remain only casually engaged, finding
the data interesting but not motivating enough to spur behavioral change [HHKKI6),
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(OSDE18b, [KJKL19, MRDR19]. During the study’s active phase, participants were
asked to set limits on apps they found problematic. One participant didn’t set limits,
leading to a decrease in overall screen time without significant changes in usage of the
most-used apps. The prototype’s design unintentionally kept the alarm feature inactive
until the second week, a decision that, in retrospect, might have provided clearer insights
if implemented differently. Some participants set their usage limits higher than their
average, aiming to prevent binge usage rather than consistently reducing screen time.
Automating limit settings based on past usage or guiding participants to set more realistic
limits could enhance the effectiveness of usage reduction. However, the initial week didn’t
significantly improve usage awareness, preventing participants from setting impactful
limits. Altering alarm settings due to annoyance led to less stringent limits, suggesting
that allowing participants to set and adjust their own limits may reduce the alarm
feature’s effectiveness. Contrarily, fixed limits based on past usage, as seen in other
studies [OSDE18bl [SMWM22], could more clearly demonstrate intervention efficacy. Yet,
overly strict limits risk intervention abandonment [HHKK16]. Lyngs et al.
(2019) highlighted the infrequent implementation of expectancy components in digital
interventions, pointing out the potential of exploring user confidence in reaching goals

[LLST19].

The sleep data from the study indicates most participants go to bed well past midnight.
The prototype’s definition of a "daily" timeframe as 00:00:00 to 23:59:59 may have led
to discrepancies in app usage tracking, where resetting the app screen time at midnight
allowed for usage without triggering alarms. This setup potentially reduced the timing
effectiveness of alarms but not necessarily their overall effectiveness since usage was
tracked. This scenario mirrors findings by Kim et al. (2019), where users would wait for
usage restrictions to reset at midnight to continue app use [KJKLI9]. Considering the
importance of reducing screen time before sleep , it’s noteworthy that app usage
deemed alarm-worthy tended to spike between 22:00 and 01:00. In hindsight, resetting
usage limits right before bedtime was counterproductive. This situation highlights the
need for the application’s concept of "daily" to align with the users’ perceptions and
lifestyles, ensuring that interventions like alarms are effective and timely.

Summary and recommendations

Addressing RQ 1, the alarms did not maintain the initial week’s reduction in screen time
for various reasons, including their possibly overly forceful nature. Yet, participants
found them helpful for cutting down on specific apps, indicating a positive but not
generalizable impact due to the study’s small scale and brief duration. Future designs
might benefit from incorporating positive reinforcements and more refined nudging
strategies to effectively encourage screen time modification. The watch face’s real-time
feedback on phone usage was well-received, providing an easier and more accessible way
to monitor screen time than using phone apps or settings. The physical presence of
the watch served as a constant reminder to limit phone use, although its novelty and
impact faded over time. The notification relay feature of the smartwatch, as noted by
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one participant, suggested the potential for reducing phone interactions, echoing Pizza et
al. (2016) discussions on smartwatches’ roles in managing phone use [PBML16]. Overall,
for RQ 1, smartwatches show promise in supporting digital detox efforts, yet the study
only revealed limited short-term effects on screen time reduction. Regarding health
data RQ 2, only sleep data provided usable insights, indicating a negative correlation
between phone use and sleep quality. The inability to analyze heart rate and step data
due to incompleteness accentuates the need for more robust data collection methods in
future studies. Finally, answering RQ 3 requires reflecting on the intervention design and
prototype issues. Participants’ suggestions for improvements, such as alarm snoozing
and greater transparency, highlight areas for enhancing user experience and intervention
effectiveness. Adapting interventions based on goal-setting literature and user feedback
could lead to more effective digital detox strategies.

4.2.6 Conclusion

This research introduces a novel method aimed at aiding individuals in their digital detox
efforts, leveraging a smartwatch-smartphone ecosystem to implement an intervention
based on negative reinforcements. Even though the the growing interest in digital well-
being, the utilization of wearable companion technology in facilitating digital detox
remains relatively unexplored both in academic literature and practical applications.
The designed system features a mobile app that monitors and reports phone usage
data, enabling users to set daily screen time limits for specific apps. Exceeding these
limits triggers a vibration alert on the connected smartwatch, encouraging users to
reduce their usage of the particular app. The system also integrates with Google Fit
to provide a comprehensive view of the user’s physical health metrics alongside their
device usage data, offering a holistic approach to managing screen time and well-being.
A preliminary study involving six participants provided insights into the effectiveness
of this approach, revealing a significant reduction in screen time during the initial
week of usage. However, the efficacy of the alarm feature in the second week was
inconclusive, with participants either setting lenient limits or adjusting them to avoid
triggering alarms, suggesting difficulties in establishing realistic self-regulation goals or
resistance to the intervention’s intrusiveness. Smartwatches exhibit potential as tools
for enhancing digital detox initiatives, as evidenced by participants’ increased awareness
of their screen habits and a reduction in phone interactions, facilitated by the watch
face’s easy access to usage stats and health data. Yet, the study’s limitations, including
its brief duration and small sample size, temper the conclusiveness of these findings.
Participants’ mixed feedback about the alarm’s effectiveness and their appreciation
for the watch face’s simplicity indicate areas for further development, emphasizing
the need for a more user-friendly and adaptive intervention design. Future directions
should explore the integration of smartwatches with emerging health data standards
like Health Connect®?, expanding compatibility and potentially increasing user adoption.

23Google Health Connect, https://developer.android.com/guide/health-and-fitness/
health-connect|— Accessed August 2023
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Additionally, adopting a more nuanced approach to tracking and intervening in phone
usage—possibly through innovative metrics and personalized feedback—could enhance
the efficacy and user acceptance of digital detox solutions. A key area for further research
is the psychological impact of reducing screen time. Future research should aim to
provide a more comprehensive assessment of the psychological indicators of well-being,
encompassing positive and negative affect, anxiety, and other measures of psychological
well-being. This focus is essential in order to determine the efficacy of reducing screen
time and its ultimate utility in enhancing overall mental health, thereby addressing
whether such reductions are genuinely beneficial in the long term.

Limitation: The study has a few constraints that impact the scope of its findings. The
small number of participants and technical issues could have influenced the limited data
collected. The study’s short duration of two weeks likely captured only the immediate
effects of the intervention, with the intensive alarm feature possibly leading to longer-term
disengagement. The metrics used, screen unlock frequency, session duration, and usage
trends over time, were selected as common proxies for smartphone engagement in digital
well-being research. We recognize, however, that such metrics are subject to a variety of
influencing factors (e.g., work context, notification load) and may not always be reflective
of intentional overuse. Rather than labeling behaviors as "good" or "bad," we focused on
visualizing trends and allowing users to contextualize patterns for themselves to mitigate
misinterpretation. The intervention design, while adaptable to a smartwatch interface,
deviates from established best practices and lacks personalized feedback, suggesting room
for improvement. Participant diversity is limited, as all are university students from
similar backgrounds. Additionally, the user interface’s reliance on color coding poses
accessibility issues for individuals with color vision deficiencies, indicating a need for
more inclusive.
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CHAPTER

Informational Companion

This chapter examines the design and evaluation of reactive informational companion.

5.1 MapGPT Companion

This chapter is based on our following publication:

Shahu, A., Cipot, P., Asteriou, P., Wintersberger, P., & Michahelles, F. (2025, May).
Integrating Al Assistants to Advance GIS Application Usability. In Proceedings of the
16th Biannual Conference of the Italian SIGCHI Chapter (CHItaly 2025), (Submitted
- Under Review).

Maps have been indispensable to human civilization for centuries, originating around
2300 BCE with the Babylonians. They have consistently served their fundamental role of
depicting locations and routes [Fue24]. The advent of computer technology post-World
War II heralded the first digital mapping system in 1962, developed by Roger Tomlinson
[ES11]. Today, map-based applications are an integral part of the digital world. These
applications facilitate interaction with geographic data on digital platforms, proving
essential for routine navigation and specialized tasks such as data visualization, analysis,
and manipulation [REB20]. Map-based applications are integrated into interactive
exhibits, affording visitors the opportunity to explore historical maps and gain insight
into geographic and cultural changes over time. For outdoor recreational activities, such
as hiking or tourism, these systems enhance navigational aids by allowing users to interact
with maps, obtain directions, inquire about nearby attractions, or gain historical context
about the areas they are visiting without having to stop and manually search through a
traditional map.
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Geographic data is ‘information concerning phenomena implicitly or explicitly associated
with a location relative to the Earth’ according to the International Organization for
Standardization, e.g., the coordinates of a city or the route of a road [[SOT4]. These
functionalities are grounded in Geographic Information Systems (GIS), which vary from
common tools like Google Maps to specialized platforms like ViennaGIS. ViennaGIS
provides users with comprehensive information across approximately 50 datasets covering
a range of sectors including transport, culture, leisure, public facilities, education, health
and social affairs, and environmental concerns [Cit95]. This information is displayed
to users via a Graphical User Interface (GUI), which also enables them to query and
manipulate the data. User input typically occurs through devices such as keyboards
or mouse on personal computers, whereas for mobile devices, it often involves touch.
As applications become more complex, their GUIs often sacrifice valuable map space
for additional features like toolbars and query tools. This reduction in map visibility
contradicts user preferences for larger map areas, as evidenced by a study done by Haklay
and Zafiri (2008) where participants consistently maximized the map display when possible
[HZ0§]. Prior research has demonstrated that the absence or excessive complexity
of search tools, combined with poor usability of map or GUI elements, significantly
compromises the overall usability of map-based applications [KJHI0, MMKMI7]. This
is particularly problematic for novice users, who may be discouraged from using these
systems altogether [LDV11]. The mental models of novice and proficient technology users
can vary significantly, encompassing their understanding of a system’s function, behavior,
structure, and predictable responses. However, neither expert nor novice users, nor even
the developers, possess a complete mental model, as they likely have not experienced
the entire system and are often unaware of their own assumptions and understanding

[Hea9Tl, Wae9()].

Over the past few years, the growing availability of Large Language Models (LLMs) has
provided valuable assistance to novice users in the creation of logical expressions. LLMs
can interpret natural language and convert it into logical queries, a process defined by the
Environmental Systems Research Institute (ESRI) as ‘the process of using mathematical
expressions to select features from a geographic layer based on their attributes’. For
example, users can enter a command such as "Select all road segments named Green
Apple Run" in natural language. This is typically easier for novices than learning to
use complex query tools that they may only need occasionally. OpenAl’s ChatGPT,
which also provides a platform for building customized Al assistants, is an example of
such an LLM. At the moment, there are no established design guidelines for interactive
assistants based on maps. The contributions of this work are multifaceted and important
in advancing the integration of Al technologies within GIS. Firstly, this chapter introduces
MapGPT companion, an innovative Al-driven map assistant that leverages LLMs to
facilitate natural language interactions, as depicted in Figure 5.5, Secondly, it establishes
basic recommendations for the future development of map-based Al assistants, drawing
on empirical data and insights gained through a comprehensive user study. The study
also represents a third significant contribution, providing robust user experience data that
demonstrates the practical benefits and challenges of integrating Al into GIS interfaces.
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5.1.1 Background

Krahnstoever et al. (2002) developed a real-time framework for natural multi-modal
interaction with large-screen displays, utilizing a combination of audio and visual inputs
to enable users to interact using gestures and speech while receiving immediate responses
[KKYS02]. Their prototype system included a directional microphone and a single active
camera, employing face and palm detection, head and hand tracking, and continuous
gesture recognition, alongside speech recognition and feedback generation, all with
moderate computational demands. Building on this, Rauschert et al. (2003) introduced
the Dialogue-Assisted Visual Environment for Geoinformation (DAVE_G), a new GIS
interface designed to streamline complex GUIs in GIS applications by leveraging multi-
modal interaction, domain knowledge, and task context ﬂm DAVE_ G featured a
large screen, non-intrusive microphone domes, and active cameras, supporting speech and
gestures as input. While the prototype demonstrated basic functionalities and potential
for expansion, its adoption for widespread internet use is challenged by the requirement
for gesture control, which necessitates device-specific initialization not suited for broad
implementation or casual user setups. The MATCHKiosk, a multi-modal interactive
city guide, was tested in Washington, D.C., allowing inputs via speech, handwriting,
and touch [JBO04]. Its responses included text and synthetic speech. The GUI featured
a dynamic map, metro and restaurant search buttons, and a ’virtual agent’. Although
closely aligned with the MapGPT vision, MATCHKiosk is limited to specific commands
like 'route’ and the GUI elements consume much of the screen, leaving limited space for
the map.

At the time of writing this dissertation, there are only a few studies on the integration of Al
and GIS. Li and Ning (2023) developed LLM-Geo, an autonomous GIS prototype designed
to enhance GIS accessibility and user-friendliness by being self-generating, self-organizing,
self-verifying, self-executing, and self-growing [LN23]. Unlike text-based assistants like
GitHub Copilot X, LLM-Geo processes spatial data to produce visual outputs such as
maps and charts. Zhang et al. (2023) developed GeoGPT, designed to accept natural
language descriptions from non-professionals and translate them into various geospatial
operations, including data collection, processing, and analysis [ZWWT23|. This prototype
employed the OpenAl GPT-3.5-Turbo API and yielded satisfactory results. Despite these
advances, a significant challenge remains in bridging professional and general knowledge
within LLMs. A 2018 study by Kim et al. (2018) highlighted user distrust in speech
recognition for banking chatbots on phones, with a preference expressed for two-way voice
interaction over one-way voice input [KGJ1§|. It indicated that voice input alone does
not enhance chatbot acceptance. Thus, a new map-based Al assistant should incorporate
voice-to-voice communication to improve user engagement. In the article ‘Annals of
GIS,” Zhu et al. (2021) argued that future generations of GIS must prioritize simplicity
[ZZLQ21]. They defined this as creating systems that are "easy to use' — focusing
on user goals rather than complex procedures—and "easy to compute" by leveraging
high-performance computing infrastructure. This approach, they suggest, would enhance
the user experience for both novice and experienced users. Previous work demonstrates
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a notable evolution towards more intuitive and user-centric GIS interfaces, evidenced by
the emergence of newer developments such as LLM-Geo and GeoGPT, which leverage
LLMs to enhance accessibility and functionality.

5.1.2 MapGPT companion design

We introduce MapGPT, a novel Al-driven map assistant. It leverages LLMs to interpret
and execute user commands in natural language. MapGPT is designed to simplify complex
GIS interfaces by translating user utterances into predefined query functions, thereby
eliminating the need for users to master complex search tools or manually construct
logical queries.

System Design Rationale

The MapGPT interface comprised of a text field for input, buttons for sending messages
and enabling voice input, a display area for chat history, and indicators for connection
and query status. The MapGPT section was designed to be collapsible, thereby allowing
users to expand the map view. Furthermore, the capacity to initiate voice input through a
designated wake word was available, thus facilitating interaction even when the MapGPT
interface is minimized. Previous systems, such as QuickSet, utilized a tablet with touch
input [JCM*97], DAVE_ G incorporated a webcam and microphone [RSFF03], and
MATCHKiosk operated as a standalone system [JB04], which collectively highlight the
diversity in user interface technologies. The QuickSet system demonstrated the effective
use of voice input, while the MATCHKiosk system demonstrated excellence in speech
output. Research by Kim et al. (2018) highlighted a user preference for voice-to-voice
communication, which reinforces the value of incorporating these features into MapGPT
[KGJI1§|. Therefore, MapGPT has been designed to support both audio input and output
functionalities. The voice output consisted of synthesized natural speech generated from
the text output of the LLMs. Furthermore, in order to accommodate the diverse needs
of users and technical constraints, MapGPT also provided the option of manual text
input and output as alternative interaction methods, which serve to complement the
voice functionalities.

The objective of MapGPT was to render graphical search tools obsolete by translating
user utterances into predefined query functions, a strategy similar to that employed by
GeoGPT ﬂm By employing LLMs to parameterize these natural sentences into
specific query function attributes, MapGPT enabled users to interact through everyday
language, thereby eliminating the need to master complex search interfaces or manually
construct logical queries. In instances where MapGPT was unable to directly map an
utterance to an established query function, the system was designed to request additional
information from the user, thereby ensuring clarity and accuracy in the query response
process. It is of paramount importance to provide meaningful feedback during the
execution of user queries and when modifying the current view, as this is a fundamental
aspect of enabling users to comprehend the activities of MapGPT. The implementation of
asynchronous communication between the server and the client enabled the transmission
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of query status updates while the server was still processing the query. This approach
provided users with reassurance that their request was being handled, rather than leaving
them to interpret a mere loading circle or progress bar. The underlying rationale for this
decision was that such levels of transparency would enable the users to comprehend the
consequences of their queries and to interact with the system in a more informed manner.

Domain Knowledge Integration: To integrate domain-specific knowledge, the LLM
utilized by MapGPT was connected to the database of the GIS application. This linkage
enabled the LLMs to access and utilize real-time data for query responses and explanations.
Moreover, these language models permitted the configuration of an initial system prompt,
which could define and clarify any domain-specific vocabulary that might have been
ambiguous to the model. This feature was particularly useful for explaining concepts and
terms that were not stored in the database, such as details about the GIS application
itself that MapGPT supported. The incorporation of conversation history by MapGPT
facilitated the generation of a more natural communication flow with users. This ensured
that interactions with the system were perceived as a dialogue rather than isolated
exchanges. It was important to maintain the context of the conversation, specifically
to recall previous interactions within a session. It was recommended that each client
visiting the application initiate a new session, allowing MapGPT to track and recall the
dialogue history during that session. Some LLM interfaces, such as OpenAl’s Assistants
API, are capable of automatically managing session contexts.

Utterance Display and play .
F transcription P back response Update view
Client ! f f
F Send message F Receive response object
F Create and send response object
Server F Forward to LLM
Validation and query
[ \
I '
LLM Save to and n Generate natural
process context | language response

Figure 5.1: General data architecture of MapGPT.

General Data Architecture: As depicted in|5.1, upon launching the GIS application,
the client establishes a connection with the server, which is already equipped with query
functions that the LLMs can leverage. In instances where the user elects not to enter
a query, the client converts the spoken input into a text string (1) and transmits this
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string to the server (2). Subsequently, the server transmits the text to the LLM (3),
where it is integrated into the existing context and processed (4). In the event that the
LLM is unable to translate the message directly into a predefined query function due to
the query being ambiguous, out of scope, or lacking specific parameters, it generates a
response in natural language, both as text and audio. Upon successful mapping of the
query to specific function parameters, these are forwarded to the server for validation
and execution (5). Subsequently, the LLM utilizes the output from these functions to
generate a response in natural language, which is further enhanced with pertinent domain
knowledge. The response, in both text and audio formats, is then transmitted back to
the server, where it is combined with the outputs from the executed functions (view
parameters) and subsequently transmitted to the client. Upon receipt of the combined
response object (8), the client displays the textual response and plays the audio (9).
Concurrently, the graphical view is updated in accordance with the specified parameters
(10).

Implementation
The latest iteration of Zeitlinie Viennal'l an interactive web GIS that chronicles the
history of tram networks in Vienna and Graz, Austria, serves as the foundation for the

MapGPT prototype. The database for this application comprises the following:

¢« Network Graph: Consists of vertices and edges, where:

— Vertices represent switches or termini.

— Edges represent the tracks between vertices. These edges are equipped with
attributes such as:

x Operator details
*x Propulsion system details
x Start and end dates

e Paths: Formed by multiple edges that combine to represent a specific tram route,
with attributes including:

— Line name

Destinations

Operating hours

Details on return routes and bi-directionality

Users can interact with the system by selecting a specific date, ranging from the tram
network’s inception in 1865 to the present, and can observe the network’s evolution
in annual increments or explore specific tram lines. The server for this application is

Lwww.zeitlinie.at — Accessed Dec 2024
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hosted on an Ubuntu 22.04 system. The backbone of the system is Django, a Python-
based web framework known for its integrated object-relationship mapper. Django was
the framework of choice due to its pre-existing use in Zeitlinie’s backend, facilitating
easy extension. Zeitlinie’s data management also incorporates PostgreSQL with the
PostGIS extension, supporting enhanced spatial data storage and functions [DW02l, [(OH21].
Angular, a front-end web application design framework, is used to create a responsive user
interface, benefiting from easy integration with MapGPT [Willg]. To manage geocoding
functionalities internally and avoid the constraints and costs associated with external
services, a dedicated Pelias geocoding service was installed on the server [Pell6]. The
asynchronous nature of user interactions led to the adoption of WebSocket technology for
real-time, two-way communication between the client and the MapGPT service on the
server, without requiring multiple HTTP connections [MEF11]. For the AT components,
OpenAl’s specialized Assistants API was selected for crafting custom Al assistants using
its GPT models, along with text-to-speech technologies to generate natural-sounding
audio responses. Finally, the system utilizes native browser interfaces—specifically,
the Web Audio API and the Web Speech API—for audio playback and voice input
transcription, ensuring data privacy by not outsourcing these functions to third parties

[AC21), INST20].

I
I
Backend ! Frontend
I
I
weeis Pelias G di I S h-to-text
 PostgreSQL elias Geocoding | peech-to-tex ﬁ
with { : i
i PostGIS N danao 1 | 1Y Anguiar ‘
fango Django | Angular Web App ‘
_______________________ {_______________£________L______________________
Assistant Interface Text-to-speech Interface 6) OpenAl

Figure 5.2: MapGPT software architecture|Software architecture of MapGPT and its
GIS.

Architecture: The software architecture of the prototype (refer to Figure 5.2) integrates
multiple components to facilitate interaction across various systems. At the core of this
integration is the Django application, which serves as the primary hub for processing
all incoming requests, including database queries, geocoding queries, and interactions
with the AI assistant. User interaction with the system is managed through an Angular-
based frontend web application, which supports both traditional and speech-to-text
input methods. User queries are transmitted to the Django application via a WebSocket
connection, where they are initially directed to the Al assistant. The assistant then
processes these inputs, either parameterizing them to generate a function call or forming a
natural language response directly if the query cannot be parameterized. When a function
call is generated by the assistant, it is executed by the Django application, and the
results are returned to the assistant. Subsequently, the assistant crafts a natural language
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response based on the function’s output. This response is then converted into speech
using a text-to-speech API, producing natural-sounding audio. The final step involves
the Django application, which aggregates the function output, the textual response from
the assistant, and the URL of the generated audio into a comprehensive response object.
This object is sent to the frontend, which then adjusts the map according to the specified
parameters, incorporates the assistant’s response into the chat history, and plays the
audio feedback.

AT Interface: The Al interface of MapGPT leverages the OpenAl Assistants API,
which was introduced in early November 2023. This API facilitates the development of
custom Al assistants using OpenAIl’s GPT LLMs, with MapGPT utilizing the GPT-4
model . Custom assistants are configured by specifying a name, selecting the
model, and outlining the instructions and function definitions necessary for interpreting
user messages. A significant advancement in this API is its support for threading,
enhancing the assistant’s capability to maintain context continuity throughout each user
session. Function definitions within the assistant framework enable it to generate precise
function calls in response to user queries. These function calls can then interact with
other APIs or databases to gather and process relevant data. Once the data retrieval
and processing are complete, the assistant receives the output and constructs a natural
language response that integrates the obtained data. This response mechanism ensures
that users receive coherent and contextually relevant information, thereby enhancing
the overall interactivity and utility of the MapGPT system. The OpenAl Assistants
API provides five objects, of which the following four were used in the development of
MapGPT.

Assistant
An assistant uses one of OpenAl’s LLM with specialized instructions and the
possibility of calling tools (predefined functions).

Thread
A thread is a list of all messages exchanged between a user and an assistant,
functioning as a personalized session and preserving context.

Message
A message can be created by a user or an assistant. Messages can also include files
additionally to text, but this was not used for MapGPT.

Run
A run forwards a thread to an assistant, which then performs tasks (e.g., param-
eterization, natural language answer generation) in the context of the thread’s
messages. The assistant appends new messages to the thread during this process.

Response Object: MapGPT uses a custom data structure for the forwarding of any
data from the Django application in the backend to the frontend. The audio attribute
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links to a URL where a speech file of the response message is stored. The location object
includes a name identified by the geocoding service and a bounding box (bboz) to specify
the zoom area on a map. The playback object contains start and end dates, along with
a boolean indicating whether the animation should play indefinitely. An optional date
attribute specifies a new date. The line object includes an identifier (id), a path attribute
id for a specific route in time, and a boolean to determine whether to show a diverging
return route, if applicable. The message is text added to the chat history unless the
status attribute is true, in which case the text appears as a query status. Finally, the
status boolean differentiates whether the response object is a regular query response
(false) or a status update (true).

Query Functions: The scope of query capabilities within the MapGPT system was
predefined. This preparatory work entailed an analysis of user experiences gathered from
the Tramway Museum Graz, where the Zeitlinie Graz exhibition has been featured since
2018. The Zeitlinie Graz exhibition is designed to cater to both tram enthusiasts, who
possess a deep understanding of the domain, and the general public, who may not be as
familiar with tram systems. In order to enhance the system’s utility, the most frequently
posed queries during museum tours, which could potentially be addressed by the system,
were identified. These questions were subsequently converted into specific query functions
that MapGPT could process, thereby enabling it to respond with relevant parameters.
This approach ensures that the Al system is aligned with the informational needs and
curiosities of the users.

Graphical User Interface: The GUI of MapGPT, was hosted within the Zeitlinie
GIS, as depicted in Figure 5.3. The top app bar includes various functional buttons, such
as settings and a share feature, allowing users to customize their experience and easily
share map data. The central feature of the interface is the Map Display, dedicated to
presenting the GIS data in a visually engaging and interactive format. At the bottom,
the Bottom App Bar is strategically placed at the lower edge of the interface. It features
visibility control buttons on the left and a floating action button on the right, which
toggles the visibility of the MapGPT interface window. Additionally, the left edge of
the map accommodates a control panel, a key, and a list of tram lines, all of which
contribute to the functional richness of the interface. To ensure a clear view of the map,
all panels are designed to be retractable, allowing users to hide them as needed and enjoy
an unobstructed map display.

For the audio user interface, upon activation of voice recognition and the user’s granting
of permission for the browser to access their audio input device, an event listener is
initiated to detect the wake word "Question." Subsequently, the client displays the user’s
spoken input in real-time within a text area. Should users observe any inaccuracies
in the transcription, they are able to terminate MapGPT’s listening session by stating
"Abort’, which results in the clearing of any text from the text area. Upon cessation of the
user’s utterances, MapGPT automatically transmits the captured text to the backend,
simultaneously deleting the input from the text area. Subsequently, the spoken response
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Figure 5.3: Zeitlinie GUI with MapGPT to the right. A tram line was selected, highlighted,
and centered on 3 September 1971 after a MapGPT query.

is audibly delivered once the front end retrieves the corresponding response object. The
process makes use of the Web Speech API for speech recognition and the Web Audio
API for playback, thereby ensuring seamless integration of these technologies into the
user interface.

5.1.3 User Study

A usability study was designed with the objective of assessing Mapgpt. The participants
were assigned specific tasks to perform using the prototype, enabling us to identify the
extent to which participants were able to utilize the system in order to achieve the desired
outcomes. To ensure the accurate pronunciation of local street names, which may be
problematic in English due to potential speech recognition issues, the study was conducted
in German. The study sessions were conducted online via Zoom, with each session lasting
approximately 30 minutes. While lab research provides more control, using Zoom allowed
for broader participation, and reduced scheduling barriers. Also, remote usage was chosen
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to better reflect the real-world contexts in which users would naturally engage with these
informational companion systems. The session comprised the completion of six tasks,
followed by the completion of a questionnaire and a brief discussion. The discussion
aimed to gather participants’ feelings about communicating voice-to-voice with the LLMs,
their overall experience, and any potential improvement ideas. It was necessary for
participants to utilize the Chrome browser and have a functioning computer microphone.

Participants

The participants were primarily students enrolled at the university, secondarily, individuals

with an interest in public transport in Vienna who were recruited through various channels.

A total of 37 individuals participated in the user study. Of the total number of participants,
3 were female and 34 were male. The 4 male participants were recruited from outside the

university, while the remaining 33 were undergraduate students in the field of informatics.

The participants were between the ages of 20 and 34 years old (M = 23.135, SD =
2.451). Two participants’ data were excluded on the basis of technical difficulties and
were considered to be outliers.

Study Procedure

The study started with a brief introduction to the system, followed by six practical
tasks, and a concluding questionnaire. Participants were presented with an introductory
page that not only set the context but also included a consent form. After agreeing to
participate in the study, users were provided access to the test system and introduced to
MapGPT with a simple test task. This task required users to locate the main building of
the university. Following this, they engaged with various functions of MapGPT, beginning
with an animation playback of Vienna’s tram network from 1897, and then progressing to
more complex queries as outlined in Table |5.1. The design included tasks to evaluate how
a conversational companion could support diverse information-seeking behaviors, ranging

from temporal queries to contextual historical knowledge, within a map-based interface.

This broader task setting was chosen to reflect the role of the companion as more than
a spatial tool, but rather as an informative partner. The system was envisioned for a
museum-like setting where visitors would engage in open-ended exploration, historical
inquiry, and contextual learning rather than goal-directed map use. After completing
each task, participants were required to fill out the Short User Experience Questionnaire
(UEQ)[LHSO08, [SHTI7h] and paste the assistant’s output for subsequent evaluation of its
correctness. Of the 13 questions pertaining to the overall user experience, 10 were derived
from the System Usability Scale (SUS) [Bro96]. Three custom items were included to
capture aspects of the user experience specific to the design and functionality of the
MapGPT prototype, in addition to the standard 10-item SUS. These questions addressed
(1) the user’s preference between MapGPT and traditional search interfaces, (2) the
preference for speech versus text input, and (3) satisfaction with the quality of the speech
recognition. These questions were translated into German, and the phrase "this system"
was replaced with "MapGPT." Participants also answered a comprehensive questionnaire
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covering familiarity with related technologies, personal assessment of related skills, overall
user experience with MapGPT, and demographic data. Data was collected using a locally
hosted installation of LimeSurvey, which was configured to avoid collecting identifying
information, thereby ensuring the anonymity of participants’ identities. Observations
and remarks during the sessions were documented, and the threads of interaction with
MapGPT were stored anonymously.

Table 5.1: Survey tasks.

Task Short description

1 Playback the animation from 1897.

2 List all traction methods and private operators of horse-drawn trams.
3 Change date and location, list all tram lines ever running there.

4 Find out when the switch from left-hand to right-hand drive happened.
5 Find out when line 30 was opened.

6 Find out the current network length, and the length and date of the
maximum extent.

Measurement

The results of the UEQ survey were analyzed utilizing a spreadsheet-based tool?| provided
by the authors of the questionnaire, available for download on their website. The SUS
scores were analyzed with the SUS Analysis Toolkit®. Statistical analysis was performed
using JASP?.

5.1.4 Results

The objective of the usability study was to assess the overall user experience, the usability
of Mapgpt companion, and several key areas, including audio input/output, natural
language processing, feedback mechanisms, domain knowledge integration, and context
preservation using Mapgpt.

Overview of UEQ scores for the Tasks

A task was considered to have been successfully completed if MapGPT accurately re-
sponded to the participant’s query. Cronbach’s alpha coefficients, given for the pragmatic
and hedonistic qualities, demonstrate the consistency of the scales, as listed below:

o Task 1: Completed by all 35 participants (100%), Task 1 had the third longest
average duration (M = 172.609, SD = 91.061). The overall quality, compared to the
UEQ benchmark dataset, was excellent (M = 2.121, SD = 0.660). The pragmatic

2https://www.ueq-online.org/ — Accessed Dec 2024
Shttps://sus.mixality.de/ — Accessed Dec 2024
“https://jasp-stats.org/ — Accessed Dec 2024
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quality was rated as excellent, albeit with questionable scale consistency (M =
2.357, SD = 0.742, o = 0.62). The hedonistic quality was also rated as excellent
and demonstrated acceptable scale consistency (M = 1.886, SD = 0.977, a = 0.76).

e Task 2: Achieving a completion rate of 97.1% by 34 participants, Task 2 was
completed in the second longest duration (M = 174.434, SD = 75.225). It was
rated excellent in overall quality (M = 2.100, SD = 0.851). Both the pragmatic (M
= 2.582, SD = 0.743, o = 0.80) and hedonistic qualities (M = 1.618, SD = 1.185,
a = 0.83) exhibited excellent assessments with good scale consistency.

o Task 3: Completed by 29 participants (82.9%) in the longest duration (M =
267.214, SD = 107.547), Task 3 was rated excellent in overall quality (M = 1.875,
SD = 0.987). Both the pragmatic (M = 1.875, SD = 1.230, a = 0.87) and hedonistic
qualities (M = 1.875, SD = 1.091, a = 0.88) showed excellent results with good
scale consistency.

o Task 4: All 35 participants (100%) completed Task 4, which had the second
shortest duration (M = 78.993, SD = 36.408). The overall quality was rated as
excellent (M = 2.196, SD = 0.775). The pragmatic quality was excellent with
acceptable consistency (M = 2.743, SD = 0.521, a = 0.77), and the hedonistic
quality was excellent with good consistency (M = 1.650, SD = 1.183, a = 0.81).

o Task 5: Also completed by all 35 participants (100%), Task 5 had the shortest
duration (M = 56.514, SD = 23.986) and was rated excellent in overall quality
(M = 2.127, SD = 0.871). The pragmatic quality was excellent with acceptable
consistency (M = 2.796, SD = 0.484, a = 0.72). The hedonistic quality was rated
as good with good scale consistency (M = 1.457, SD = 1.449, o = 0.89).

o Task 6: Completed by 31 participants (88.6%) in the third shortest duration (M
= 126.125, SD = 47.581), Task 6 showed excellent ratings in overall quality (M =
2.186, SD = 0.742). The pragmatic quality was excellent with excellent consistency
(M = 2.582, SD = 0.776, o = 0.91), and the hedonistic quality was also rated as
excellent with good consistency (M = 1.789, SD = 1.080, o = 0.88).

System Usability

MapGPT achieved a SUS score of 84.07, with a median score of 87.5 and a standard
deviation of 9.75. This places it in the 94" percentile according to the benchmark of

5000 scores compiled by Sauro and Lewis (2016), giving gives MapGPT an A [SL16].

Thus, the SUS score, placed in the upper percentile, reflects high usability (see Figure
5.4). In line with the results, many participants commented positively on the usability of
the system. p21 found it ‘wvery easy, [and] self-explaining, pl0 had a ‘very good [user]
experience’, and p4 as well as p34 praised the ‘clear GUI’. Despite the favorable outcomes
of the query function and system usability analyses, a few participants identified potential
areas for enhancement. One requirement stated by participants p15 and p35 was the
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ability to cancel or mute the audio output entirely. p8 suggested a better differentiation
between user and assistant messages akin to common messenger services. Lastly, having
to enable voice recognition with a button that is situated outside the MapGPT section
was deemed as ‘counter-intuitive by pb.
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Figure 5.4: SUS analysis, Scores below 40 omitted, S = 84.07 [BBP22].

Feedback on Functionalities

Audio Input and Output: Voice input was broadly accepted. Despite its high usage
rates—ranging from 88.6% in tasks involving contextual data changes to 97.1% in specific
operations—preferences for voice-over text were less favorable. A majority of participants
expressed a preference for text, with 74% disagreeing with a preference for voice. This
aligns with the reported usage frequency, where 40% indicated they use voice input less
than several times a year. Notable complaints concerned the need for improvement in
voice recognition accuracy and speed, particularly for those with accents or dialects. For
example, p33, a non-native speaker of German, wrote that ‘/it/ is a bit bad for persons with
poor pronunciation.’. The participants expressed appreciation for the natural language
audio output, despite some criticism regarding pronunciation issues, such as incorrect
number enunciation. The interactive dialogue capability of the system, which emulates
interactions with well-known voice assistants, was generally well-received. However, some
users found it unconventional. With p22 calling it ‘very funny’, and p29 stating that the
‘conversation [was| relatively normal, like with Alexa or Siri’, a majority of participants
expressed satisfaction at the prospect of engaging in a genuine dialogue with Mapgpt
companion.

Natural Language Queries: 97% of participants reported frequent use of map-based
applications at least once per week, demonstrating high familiarity. 85% used AI chatbots
such as ChatGPT with similar frequency. Participants showed a robust preference for



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5.1. MapGPT Companion

natural language over logical queries, with 63% favoring MapGPT. They reported not
feeling overwhelmed by traditional search forms. As p24 reported ‘Even when questions
were transcribed wrongly sometimes, it still delivered the correct answer.” However, there
were also calls for improvements in question recognition, indicating some inconsistencies.
Currently, OpenAl’s assistant API restricts queries to one function at a time. This
limitation was particularly evident in tasks requiring simultaneous adjustments, such
as Task 3 (date and location change), leading to frustration among users, who desired
multi-query functionality. Nevertheless, some participants requested that the assistant
perform both actions simultaneously which resulted in either a change of date or location
or a loss of connection due to a server error. Misunderstandings often result in partial
task completion or system errors.

Feedback Mechanisms: MapGPT lacks an obvious listening indicator and acceptable
disconnection handling. Whilst p13 finds MapGPT to be ‘surprisingly well realized’,
they also stated that there should be a better graphical indication when the assistant
is listening. Currently, the system initially shows that it is listening by changing the
placeholder text of the text field to ‘I am listening ..., and subsequently replacing this
with the live user transcript. In the event of a disconnection with the server, an indication
was provided to the user by a red dot adjacent to the MapGPT section heading and the
deactivation of the text field, speech, and send buttons. Upon encountering this situation,
none of the participants observed the changed placeholder, which had been set to ‘I
am currently not available. Maybe try to reload the page!” p20 stated in the optional
improvements text field, that ‘There was once a crash/connection failure with MapGPT.
Perhaps it would have been better to draw the user’s attention to this, as I would not
have realized it immediately.”. pl8 said that having to reload the page to reconnect is
‘questionable’.

The majority of participants (80%) indicated that they were familiar with the public
transport system in Vienna. Furthermore, the majority of participants (40%) reported
using public transport in Vienna on a daily basis, while 48% reported using it several times
per week and 6% reported using it at least once per week. However, of the 35 participants,
only a minority of five (14%) agreed to have in-depth domain knowledge about the tram
system in Vienna. A majority of participants did not challenge the responses provided
by MapGPT, either verbally or in the questionnaire. It was only during the third task,
which required the participants to change the date and location and to ascertain which
tram lines had ever operated at Praterstern (a well-known transportation hub in Vienna),
that some of them began to examine the responses in greater detail. pl6 commented
negatively about the reliability of MapGPT’s responses overall, stating that ‘I have not
had the opportunity to check the answers. In general, it would be important to know
whether you can rely on the answers.’.

Domain Knowledge Integration: The integration of domain knowledge references
MapGPT’s connection to its host GIS by eight predefined query functions. The efficacy
of the system was evaluated in six distinct tasks. A task was considered complete when
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the response provided by the assistant to the participant’s query was accurate. In 94.7%
of the 210 task executions, MapGPT provided the correct response.

Context Preservation: The participants were required to change the date to any
day in 1935, the location to Praterstern, and request that the assistant provide a list
of all lines that had ever run there for the third task. Two distinct methodologies were
available for the retrieval of this data and the subsequent modification of the map view.
The more expedient approach was to utilize the ’tram lines’ filter, providing MapGPT
with the location and date in a single query. Alternatively, the date and location change
query functions could be employed independently of the filter function, with the previous
inputs referenced. The majority of participants employed the second approach, which
confirms the effective maintenance of context in these dialogues. For example, p28’s
approach to the task was as follows:

Participant (P): Show me Praterstern.

MapGPT (M): I fly to the location of Praterstern.

(P): On 1 January 1935.

(M): Let me show you 1 January 1935.

(P): Which lines have run here over the course of time?

(M): The lines 15, 3, C-5, CA, and CT ran at Praterstern over time.

5.1.5 Discussion

Overall, Mapgpt companion has very good usability. Our findings demonstrate the
feasibility of voice input, as evidenced by QuickSet, MATCHKiosk, and several concepts
proposed in the 2000s [CMOT99, [CMC00, KKYS02, RSFF03, [JB04]. Furthermore,
participants were delighted about the possibility of conducting an actual voice-to-voice
dialogue. One of them even went as far as to say that the ‘natural voice is better than
Google Translate’. This corroborates the hypothesis put forth by Kim et al. (2018) and
colleagues in their paper on voice input and chatbots, namely that two-way audio would
engender a sense of authenticity in participants, akin to that of a genuine conversation
[KGJ18|. Many participants expressed a preference against text-to-speech input in the
post-test questionnaire, a result that was unexpected. This disfavor may be attributed
to the infrequent use of voice input, with the majority of participants reporting usage
less than several times per year. It is possible that participants perceived the question
as pertaining to general usage rather than specifically to GIS search tools. 63% of
participants preferred MapGPT over traditional search tools. It is probable that this is
the result of the effortless formulation of normal sentences as query input on the fly, as
shown by the bad results of novice users who rarely utilized logical queries by Audet and

Abegg [AA9G].

Participants also pointed out the easy, self-explaining usability and tidy appearance of
MapGPT in several comments. These positive results showed that the adherence to
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common design guidelines (Google’s Material Design 3) accomplishes easy and intuitive
GIS applications [LDVT1I]. Participant’s comment about the reliability of responses needs
further consideration: ‘I have not had the opportunity to check the answers. In general,
it would be important to know whether you can rely on the answers.”. A broader question
would be why the assistant has selected a specific query function to be carried out by the
server, as this can be erroneous sometimes. There is an existing proposal by Wachter et
al. (2017) for counterfactual explanations, which are feasible without the necessity of
directly accessing or modifying the underlying mechanisms of the Al system in question
[WMR17]. These would clarify the rationale behind the assistant selecting a particular
function based on the recognized parameters, which should be relatively straightforward
for current LLMs to accomplish. As users should feel confident and reassured in their
actions and progress [Bro09, [LDVTI], this is a very important improvement to be included
in future iterations and map-based Al assistants. MapGPT proved that the domain
knowledge integration performs to a satisfactory degree, based on the overall correct
responses in 94.7% of all task executions. This also demonstrates that the alignment of
professional and universal knowledge, as proposed by the creators of GeoGPT, is feasible
and yields satisfactory outcomes m The following summary of the key points
of the usability study provides an overview of the key findings:

e Voice input is accepted, even when participants did not regularly use this mode
before.

o Natural language voice output is greatly appreciated.

e MapGPT is preferred to traditional search tools.

o Participants require the possibility to ask multiple questions or execute multiple
commands per query.

e MapGPT, as a map-based Al assistant, has very good usability.

o Participants require the addition of a mute button for the voice output, and the
grouping of all graphical interface elements of MapGPT in the same area.

o Participants require an adequate listening indicator, disconnection handling, and
the possibility to check the reliability of responses.

e MapGPT’s integration with the domain knowledge of the host GIS worked in a
majority of tasks performed.

e MapGPT successfully preserved context during its conversations with participants

and also accessed past queries for input parameters.

The overarching objective of this research was to provide recommendations for future
map-based Al assistants by identifying user preferences. Map and GUI usability go hand
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in hand, one should not take precedence over the other as both collectively affect the
system’s user experience [MMEKM17]. The GUI should be designed in a way that allows
users to maximize the map area, as this was shown to be a natural behavior by both novice
and expert users as shown by [HZ08]. Future applications should provide users with easy-
to-learn query or search tools to encourage novice users [LDV11]. Integrating LLMs into
the system allows natural language queries by novice and expert users alike. In addition,
LLM assistants enhance the quality of responses to user queries by providing answers
in natural language. The AI based assistant should tap into the domain knowledge
stored in the GIS database and provide meaningful feedback and responses for the
users, replacing traditional search tools. Context preservation allows users to formulate
follow-up questions easily. Users should be able to trust the responses when interacting
with the Al assistant. This can be implemented by providing counterfactual explanations
in the form of highlighted parameters that the assistant recognized in the user input or by
storing citations for domain knowledge in the database and returning them accordingly.
It is recommended that voice input and output be implemented as core components of the
system interface. Combining LLMs with a system’s domain knowledge and voice-to-voice
communication greatly benefits the usability of the GIS application.

Limitations

The majority of participants were enrolled in undergraduate computer science studies,
which may result in an overestimation of MapGPT’s usability for a general population.
Given that the participant age group was between 20 and 30 years old, it is unclear
whether the results are applicable to the older population as well. The exclusive usage of
the Chrome browser is a technical limitation due to its support for client-side functions
such as voice transcription and audio output. Consequently, future versions of MapGPT
should provide support for further common browsers across operating systems. Future
studies may also employ qualitative assessment methodologies to gather more in-depth
insights. The total cost of the three-month development and subsequent study was $68.57,
with $1.15 allocated to the text-to-speech model and the remainder to the assistants
interface. While the development phase was relatively inexpensive, at a total cost of
$11.12, the study with 37 participants incurred a cost of $57.64. If MapGPT were to be
released to the general public at the current pricing levels, it would not be financially
viable for a private individual or small enterprise to operate, assuming regular usage
of more than a few requests per week. Two avenues for further research emerge from
this context: firstly, at what level of system complexity is a map-based Al assistant
capable of operation, and secondly, what are the potential avenues for improving the
affordability, performance, and resource efficiency of LLMs and text-to-speech models for
local operation on a server?

5.1.6 Conclusion

Our work demonstrates the effectiveness of Mapgpt companion, an Al-driven map
assistant, in enhancing the user experience for GIS applications through intelligent,
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voice-activated interfaces. The results of our user study, which involved 35 participants,
demonstrated the utility of integrating LLMs to simplify complex GIS interactions
into conversational engagements that users found intuitive and engaging. The results
demonstrated the user-friendliness of MapGPT, as evidenced by the favorable SUS and
UEQ-S scores. MapGPT represents a significant step forward in the design of interactive,
user-friendly GIS applications, integrating Al’s robust analytical capabilities with user-
centered design principles. Nevertheless, our investigation also highlights the necessity
for continuous enhancement, particularly in the domains of error management, multi-
modal feedback, and the augmentation of natural language processing capabilities to
accommodate diverse user accents and linguistic nuances. Despite the system’s strengths,
it is important to acknowledge certain limitations. One such limitation is the sample size
and composition, which consisted mainly of younger, technologically adept users. Future
research could be expanded to include a more diverse demographic in order to gain a
more comprehensive understanding of the usability of the system. By transcending the
limitations of conventional GIS applications, MapGPT not only enhances accessibility
but also expands the scope of interaction with Al, thereby establishing a new benchmark
for future advancements in this field.

5.2 Carbon Rebellion Companion

This chapter is based on our following publication:

Shahu, A., Wolfer, M., & Michahelles, F. (2024). Carbon Rebellion: Empowerment
using Data-Driven Narratives. ACM Journal on Computing and Sustainable Societies.

The issue of climate change is increasingly being characterized as a "wicked problem"
[Inci6l LCBAT12]. Wicked problems are those related to social-ecological systems that are
complex and poorly defined, often involving conflicting information and disagreements
among stakeholder groups regarding norms, values, and goals [Xial3 [ABLPS14]. They
share several common traits, including a) the values held by stakeholders in conflict
evolve over time and among different groups b) both the problem itself and its potential
solutions are not straightforward or determinate. As a result, climate change emerges as
an urgent and formidable challenge humanity is facing today, primarily driven by human
activities such as fossil fuel consumption and deforestation [CSBT14]. These actions
have far-reaching consequences, posing threats to both natural ecosystems and human
societies. These threats manifest in the form of more frequent extreme weather events,
rising sea levels, and increased food insecurity . Achieving the ambitious goal
of limiting global warming to 1.5°C above pre-industrial levels requires profound and
rapid transformations in the way societies operate. However, assigning accountability to
address this global issue frequently encounters political resistance, becoming a contentious
issue among stakeholders including consumers, industries, governments, and corporations
[Doul(]. Organizations and societies frequently engage in unpredictable and inconsistent
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environmental actions due to their struggle to comprehend the intricate challenges they
confront.

Effectively engaging with climate-related issues hinges on acquiring a comprehensive
understanding of the subject [HvdLC12]. Awareness can play a vital role in addressing
these issues, presenting various forms of learning that can dismantle unsustainable
practices and foster more sustainable ones. The Intergovernmental Panel on Climate
Change (IPCC) serves as a prominent source of climate change information, which then
circulates in policy, the media, and the public m The IPCC produces Assessment
Reports (ARs) that consolidate climate change research, presenting information in a
descriptive and explanatory manner. Additionally, these reports feature "Summaries for
Policymakers" (SPMs), which translate the detailed scientific content into more accessible
language for non-expert audiences ﬂBDM—SMﬂ However, the reports can be too complex
for non-experts and younger audiences, making them skeptical and apathetic [HLSC20].
This highlights the ongoing need to find better ways to communicate science to the public

[FH19,

Education plays a pivotal role in addressing this challenge, and experts argue that the
field must undergo revision and restructuring to provide conditions for transformative
learning and meaningful climate action [MPO™19, (ORC™*13| [SO01]. Typically, climate
change education is confined to the natural sciences, often focusing solely on explaining
the greenhouse effect and discussing the potential consequences like rising temperatures,
altered precipitation patterns, and sea-level rise SNW17]. This conventional
approach primarily conveys messages of fear rather than providing real-life examples
for active engagement. Additionally, this approach fails to empower individuals as
stakeholders, lacks the capacity to inspire action, and misses an opportunity for deeper
community engagement and discussion. Consequently, it has faced criticism for potentially
contributing to feelings of denial, desensitization, and apathy [Norlll [StoI5]. Research
indicates a growing sense of pessimism and hopelessness regarding climate change and
the future among young people [Ojal2]. Mainstream media frequently feature stories
regarding climate anxiety, eco-anxiety, and climate grief, to the point where Grist
magazine dubbed climate anxiety the "biggest pop-culture trend" of 2019 [McG19]. It’s
evident that there is a necessity to change how we discuss and educate about climate
change. Also, the role of individual actions in addressing climate change is a topic of
ongoing debate, with discussions occurring not only within the scientific community but

also within the daily lives of people [WZD20l WN17, BVA™20].

Wynes and Nicholas propose that while individual actions may appear inconsequential,
even minor changes made by individuals can collectively contribute to a substantial
reduction in greenhouse gas emissions [WN17]. Furthermore, in his article titled "Multi-
plication Saves the Day" °| McKibben argues that striving for maximum sustainability as
an individual may be difficult to measure. However, if that same individual persuades
their friends and family to engage in a single climate-friendly action, the impact becomes
quantifiable through the power of multiplication.

®https://orionmagazine.org/article/multiplication-saves-the-day/ — Accessed Dec 2024
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Scholars have extensively explored storytelling as an effective method of scientific com-
munication. Stories not only align with the innate way people process information
[BBP20), [F'is84] but also enhance information comprehension and retention while fostering
changes in beliefs, attitudes, and behaviors MS99, MCC*19, BBP20).
However, despite these findings, some researchers advise caution when employing story-
telling in science, often citing the imperative of maintaining impartiality and objectivity
[BEvdLF20]. This requirement aligns with the IPCC’s articulated objectives of delivering
"clear and balanced information" that is "pertinent to policy without advocating for spe-
cific policies" . When utilizing conventional storytelling structures, it’s crucial
for these narratives to present accurate and fact-based arguments. As Boyd et al. (2020)
argued, even within the realm of science, "factual accounts are likely less story-like but
are still narratives nonetheless [BBP20]." Meaningful climate action necessitates evoking
an emotional response, which we argue can be achieved through fact-based narratives.
We investigated the following:

« RQ1: How can we create an engaging climate change narrative that shows the
seriousness of the issue, and suggests ways for individuals to get involved?

¢ RQ2: To what extent do personal anecdotes combined with data-driven narratives
impact the user engagement level?

¢ RQ3: How does interaction with a data-driven narrative influence an individual’s
attitude and behavior towards climate action?

Our research aims to educate individuals on the critical issue of climate change by sharing
narratives that offer a variety of viewpoints from different stakeholders, utilizing the
"Carbon Rebellion companion" as illustrated in Figure 5.5. The objectives of this work
are to inspire and empower participants, foster a sense of agency in climate action,
and highlight the effectiveness of community-based efforts. The game-based narrative
companion, Carbon Rebellion, features diverse challenges related to daily life choices in
food, transportation, and waste management. It highlights the importance of personal
choices while also stressing the necessity of acknowledging their limitations when taken
in isolation.

Wynes et al. (2020) suggest a clear connection between hope and pro-environmental
actions, emphasizing the critical role of maintaining agency and optimism in tackling
climate change [WZD20]. Similarly, Ogunbode et al. (2022) propose that media exposure,
along with the resultant feelings of anxiety and concern, may motivate individuals to
engage in climate action [ODHT22]. The COM-B model of behavior, which identifies
capability, opportunity, and motivation as essential for any behavior to occur, complements
our understanding of climate action motivations [WM20]. West and Michie suggest that
behavior is part of a dynamic system with both positive and negative feedback loops, where
these factors interact over time [WM20]. Specifically, motivation—is central to the model,
explaining how reflective thought processes and emotional and habitual processes converge
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to influence behavior. Through this comprehensive approach, integrating emotional and
reflective processes, we can foster climate-positive behaviors. While motivations can vary
widely among individuals, our literature review suggests that effectively educating people
about the reality and severity of climate change, coupled with presenting viable solutions
rather than focusing solely on negative outcomes, may be most effective in motivating
individuals to participate in climate actions.

Achieving a sustainable future requires that personal choices be integrated with broader
societal transformations and supportive policies. By fostering a community that embraces
small actions, such as reducing meat consumption or using public transportation, we can
collectively make an impact. Therefore, the integration of an Interactive Digital Narrative
within this context aims to provide a realistic depiction of climate change challenges while
also enhancing individual engagement through compelling storytelling and interactive
gameplay. Our research highlights the significance of presenting an honest portrayal
of the severity of climate change alongside actionable strategies to promote individual
involvement. We were interested in figuring out if using game elements and storytelling
can make people more interested and motivated to take real action. As the game engages
with emotions and subversion, we are particularly interested in understanding how the
game impacts its players, not just educationally but also emotionally, with the potential to
shift perspectives. Findings from our study indicated that Carbon Rebellion companion
(1) fostered critical thinking, (2) evoked emotional responses, (3) promoted a drive for
climate action, (4) provided insights into primary climate change contributors, and (5)
encouraged individuals to support community climate initiatives. It’s important to note
that our game-based narrative approach is not a comprehensive solution, but rather an
effort to raise awareness and stimulate meaningful discussions.

5.2.1 Background

Addressing climate change requires effective communication and education to catalyze be-
havior and lifestyle adjustments. Environmental communication aims to share information
and behaviors that are good for the environment, while pro-climate communication focuses
on convincing people to take actions that reduce greenhouse gas emissions[HMCA23)].
Despite abundant information, many climate communication strategies have faltered due
to their unidirectional message delivery, lack of context, and predominantly negative
tone [AS12, [Coolll, MDIT], [Schi2]. Blevis explored significant questions related to the
importance of design in sustainability, extended the concept of sustainability beyond
environmental concerns to include human factors and international relations, emphasized
the utility of photographic methods in design understanding, reconsidered design princi-
ples with an emphasis on durability and thoughtfulness, and proposed hypotheses about
the impact of design details on global attitudes and policies, all united by their ambitious

nature [BlelS].
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FHREWIN

One person can’t change much

but if everyone works together, something can actually change

REBELISION

Figure 5.5: On the left, the landing page of the narrative; on the right, the community
impact background, with a highlighted user quote: "If everyone works together, something
can actually happen.”

Narratives and Storytelling

The use of storytelling and narrative is effective in communicating complex scientific
information to non-experts, especially in the context of controversial topics like climate
change, and it aligns with the communication preferences of the digital-native generation.
This approach makes scientific subjects less abstract and more relatable, bridging the gap
between large-scale phenomena and human-scale experiences. As indicated by Dahlstrom
[Dahi4] and further supported by the National Academy of Sciences [NAoSMT17],
previous work highlights the effectiveness of employing storytelling and narrative in
conveying scientific information to non-experts. This approach is situated within the
broader framework of "framing," which is an important feature of public outreach. The
complexities involved extend beyond the challenges associated with the scientific subject
matter alone. They encompass varying audience requirements and viewpoints, as well as
the belief systems or "mental models" individuals rely on to make sense of the world. This
becomes particularly significant when presenting data related to controversial subjects
like climate change, energy, or food safety [NAoSMT17]. In light of these challenges,
high schools are actively seeking ways to modernize their knowledge transfer methods,
recognizing the need to align with the communication preferences of the "interactive
generations" [AGII] or "digital natives" [Pre01], who have grown up immersed in a digital
world characterized by computers, the Internet, and video games, and have a natural
affinity for concepts such as interaction, participation, and collaboration.

According to the rhetorician Fisher (1984) [Fis84], stories are critically adopted by
audiences who perceive some stories to be more reasonable than others. Narratives
characterized by high rationality exhibit both internal coherence or probability (where
story elements cohesively connect) and external fidelity (where the story resonates with
people’s real-life experiences). This fidelity serves to render subjects like climate change
less "abstract and intangible," as it bridges them with the lived experiences of audiences
[Fis84]. By telling concise, cogent, and pertinent stories, narrative likelihood and fidelity
can be improved [BM21a]. The "narrative policy framework" is used by researchers to
identify the four structural components that all stories share: characters, setting, plot, and
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the moral of the story [JP17]. Narratives are frequently compared to other communication
genres, such as expository or argumentative communication, or with different explanations,
such as statistical, logical, or descriptive [AOQ9, m Narrative communication
is context-dependent due to the continual cause-and-effect structure of the temporal
events it is composed of [T'S85, [Dah10, [Dah12]. These characteristics are identified in
other studies as common elements of stories that influence audience engagement [BBP20)].
Glaser et al. (2009) describes four aspects that narratives provide that may boost
knowledge acquisition about science when compared to a typical expository curriculum:
dramatization, emotionalization, personalization, and fictionalization [GGS09]. Some
studies have experimented with narrative elements to see how changing isolated aspects
of stories affects narrative engagement. For example, research has revealed that changing
the temporal state of stories (i.e., past, present, or future) and their realism (i.e., realistic
or fantastical) changes how individuals engage with stories ISB18]. Furthermore,
it was discovered that narrating in the first-person, third-person, or bystander viewpoint

affects persuasive consequences |QJSP21].

In our research, we utilized the strengths of narrative coherence and resonance to
effectively convey the complex issue of climate change. Additionally, we employed
narratives to explain phenomena that couldn’t be directly experienced due to the scales
involved, such as climate change, parts per billion, or events thousands of years in the
future. When trying to grasp these concepts, audiences had to relate them to aspects
of their everyday experiences and extrapolate beyond those familiar boundaries to form
a general understanding on which they could base their decisions. Construal theory
[MS11al [TLWO0T], elucidates how changes in perception can be influenced by the scale
of an event. It suggests that events perceived as more psychologically distant and thus
removed from the immediate human scale tend to elicit more abstract and emotional
responses compared to those with less psychological distance. Therefore, in the context of
our research, narratives emerge as a promising yet relatively understudied communication
tool for bridging the gap beyond the human scale. It offers a means of packaging complex
phenomena into a format that aligns with human-scale experiences, potentially addressing
the challenges of effectively conveying the community impact of climate action.

Personal Accountability and Consciousness

Fostering environmental consciousness holds critical importance in light of the growing
global environmental challenges. Mere awareness of environmental problems often
falls short of inspiring eco-friendly actions. It’s important not only to be aware of
environmental issues but also to actively engage in environmentally friendly behaviors
and practices. Comprehensive environmental awareness by itself may not necessarily lead
to environmentally friendly behaviors [HHTS7, [KA02, FKW04, [ASVR07]. On the other
hand, recognizing the role of personal actions in contributing to environmental degradation
can serve as a catalyst for individuals to adopt more sustainable behaviors [HHTST].
Factors such as behavioral intent can exert a significant influence on steering individuals
towards the adoption of eco-friendly behaviors, as evidenced by prior research [SB64],
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[Stol7]. Previous work has highlighted the effectiveness of well-integrated environmental
consciousness components. For instance, one study demonstrated that a combination
of factors, including personal responsibility, environmental awareness, and values, could
explain a substantial portion (76-94%) of ecological behaviors [KRHB99]. The stage model
of self-regulated behavioral change suggests that recognizing personal accountability for
the environment and comprehending one’s adverse impact on it serves as a pivotal initial
step in engaging in pro-environmental actions [Bam13|]. These individual environmentally
conscious norms have been associated with behaviors such as selecting sustainable
transportation alternatives and actively participating in the preservation
of marine ecosystems [CM03b]. Despite the existence of numerous behavioral models
designed to explain and predict both mitigation and adaptation behaviors, there has been
minimal adoption of more integrative and interdisciplinary frameworks like the attitude-
behavior-context (ABC; [Ste00]) or the capability, opportunity, motivation-behavior
(COM-B; [MVSWTI]) models by psychologists focusing on climate action. Whitmarsh et
al. (2021) contend that the effectiveness of these models in driving meaningful change
is constrained because they tend to be overly simplistic, individualistic, linear, and
deliberative, and they often overlook the environmental impacts [WPC21]. However,
Environmental Sustainability Education (ESE) goes beyond simply raising awareness
of environmental issues [Jan20]. It aims to shape attitudes and promote lifelong pro-
environmental behaviors, which are particularly challenging to foster. To address this,
Digital Game-Based Learning (DGBL) is employed as a potent pedagogical tool within
ESE. DGBL not only imparts cognitive knowledge but also emotionally engages learners
by allowing them to experiment with new behaviors and witness immediate consequences

an20).

Howarth examined the utilization of narratives to actively involve the public in co-
creating more sustainable, low-carbon futures, with a specific focus on the positive
aspects, emphasizing the departure from linear information transmission in favor of
emphasizing overlaps in perceptions, values, and motivations to facilitate constructive
dialogues and opportunities for social transformation [Howl7]. Mohanty found that
providing information about COg emissions, particularly in terms of CO2 by weight,
and using various framing contexts can significantly influence people to make eco-
friendly choices in transportation, emphasizing the importance of improving carbon
literacy and designing effective interventions to address the challenge of climate change
[MFB*23]. Similarly, Alkon and Traugot examination of "place meta-narratives" within
rural environmental decision-making demonstrated that establishing one’s identity within
a specific geographic context fostered a heightened sense of ownership and agency,
ultimately leading to grassroots-driven behavioral changes, rather than relying solely on
top-down policy prescriptions [AT08]. These place-based narratives were observed to exert
concrete influences on individual behaviors, particularly when utilized to convey political
options. Furthermore, the construction of social identities rooted in specific geographic
regions significantly influenced the motivation for adaptive actions, as supported by
the research of Frank and Henwood [ATOS], [HPPSTI]. Hence, to ensure the
effectiveness of education, it should immerse individuals, evoke a sense of personal
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responsibility, and empower communal initiatives, thereby fostering a deep sense of

engagement [SW05| [HKI7, )

Serious Game

The term "serious game" suggests a blend of entertainment with meaningful content.
As defined by Mitgutsch and Alvarado, serious games provide "playful environments
driven by a purpose, designed to impact players beyond the game’s immediate goals
[MA]." Although their concept dates back to the 1970s [Abt70], they had recently gained
prominence as tools for climate education [RE]. At their core, these games maintained
essential features, including engaging narratives and interactive mechanics. However, they
were elevated by an added goal: to inform and convey profound messages [MA| m
Most of these games leaned heavily on simulation mechanics, presenting long-term sce-
narios and sometimes relying on complex mathematical models. Digital games provided
unique avenues for engaging with scientific subjects, including climate communication
[WS16]. They often transcended their primary entertainment purpose, acting as tools
for both communication and persuasion. As suggested by Bogost [Bogl(], video games
embodied "procedural rhetoric," shaping players’ perspectives and behaviors. Engaging
with games offered rich, reflective learning experiences [Gee03|. Effective game design
could lead to impactful learning outcomes [Gee08|, making climate change-themed games
valuable tools in science education. While games had shown potential in various settings —
from enhancing climate literacy [HSMLC20, NOS*15] to promoting energy conservation
[TBVB17, m, their impact wasn’t consistently positive. Some faced criticism for
poor graphics or limited interaction [OGPOLIS]|, and others, like "Fate of the World"
[Red11], evoked feelings of despair, counteracting their educational intent. Games such
as the BBC’s "Climate Challenge" [BBCO6| allowed players to enact environmental re-
forms. Makosa et al. (2023) introduced the "Build a Smart Sustainable Windhoek"
game, an interactive hybrid game that educates and raises awareness, gathers citizen
input, and is highly informative in creating awareness on Smart City topics [MNU23].
Mochizuki introduced a new game design framework named CompleCSus (Complexity-
Collaboration-Sustainability), based on social learning and procedural rhetoric, applied
in the Water-Food-Energy Nexus Game (Nexus Game) [MMPT21]. This game explores
the complexity and unpredictability of socio-ecological systems and how framing issues
alongside differing values and worldviews influence decision-making, guiding the design
and facilitation process to enhance collective reflection. Existing reviews of climate-
centric games had limitations. While some reviews highlighted progressive game elements
OOLGP1T], others cast a broader net over sustainability, diluting their relevance to
climate-focused engagement [KM15, LSGT12, [SKVI9]. Additionally, many reviewed
games seemed to have disappeared from the internet LSGT12, RE13]. Nonethe-
less, a noticeable research gap exists in understanding the potential of games to impart
personal responsibility and facilitate systemic interventions related to climate change
education. Consequently, "Carbon Rebellion Companion" seeks to address this gap by
highlighting systemic approaches to address climate change. We incorporated a few
key elements of serious games, like gamification, decision-making, and simulation, into



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5.2. Carbon Rebellion Companion

our narrative, rendering it interactive and captivating. Through interactive narratives
like "Carbon Rebellion companion," individuals immerse themselves in environmental
scenarios, actively making decisions that impact a ’COo-Meter,” as shown in Figure [5.6a),
all while maintaining a steadfast focus on the impact of collective actions without eliciting
sentiments of hopelessness.

5.2.2 Carbon Rebellion Companion - Interactive Digital Narrative

In alignment with our objectives, we created an interactive narrative companion called
"Carbon Rebellion’. Its companion-like qualities emerge from its ability to adapt to user
choices and its role in providing contextual feedback.The system supports autonomy
by offering players meaningful choices that shape their narrative path and agency in
simulated environmental decisions. It promotes competence by translating abstract
climate data into understandable consequences through visual feedback (e.g., the COq
meter), and relatedness by framing the user’s experience within broader societal efforts
and community outcomes. While it may not resemble a companion in the form of a
chatbot or assistant, it reflects a broader conceptualization of companionship as guidance,
presence, and shared meaning-making.

Three researchers were engaged in conceptualizing the interactive narrative, employing
an iterative development process that began with rough sketching and emphasized rapid
prototyping. Regular meetings were held at least bi-weekly to evaluate progress and make
critical decisions. Before advancing to full development, rudimentary pen and paper

prototypes were created and loaded into Figma® to form a semi-interactive prototype.

These prototypes facilitated discussions, helped visualize ideas, and suggested potential
improvements, providing a basic sense of the game flow. Realizing the need for a robust
foundation in our narrative, we sought guidance from concepts in game design. We
benchmarked the narrative’s conceptual framework using design principles presented by

Vervoort [mﬂ, which target political serious games with a focus on climate change.

Furthermore, guidance was sought from a series of articles by Gamescrye 7. A pivotal
directive from Gamescrye’s game design blog was the initiation of the developmental
process with a Vision Statement ©, facilitating a sharpened focus on the envisioned
interactive narrative. Our vision statement was as follows:

"Carbon Rebellion" elucidates the complex interplay among climate change stakeholders,
pivoting attention from individual consumers to predominant polluters, and giving a
holistic picture. It adeptly merges a playful approach with an empirical basis and instead
portrays the repercussions of player decisions. The narrative’s primary virtue resides in
its capacity to mobilize players toward community actions and comprehensive climate
change strategies.

Shttps://www.figma.com/design/ — Accessed Dec 2024
"https://gamescrye.com/blog/ — Accessed Dec 2024
Shttps://tinyurl.com/VisionState — Accessed Dec 2024
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Figure 5.6: Interactive Elements and Controls in the narrative.

We made our narrative interactive by incorporating distinct mechanics into each eco-
challenge quest. These quests focus on "Food," "Transportation," and "Waste Manage-
ment," making environmental issues tangible by allowing players to make choices and
observe their impact on a "COs-Meter", as shown in Figure |5.6a. The interactive narra-
tive’s flow is shown in Figure 5.7, Individuals entered the narrative framework of "Carbon
Rebellion," becoming immersed in the virtual world known as "Carbonia." Carbonia
consisted of three distinct hubs, and participants were instructed to explore each of these
hubs, as depicted in Figure |5.8al Within these hubs, individuals engaged in three distinct
eco-challenge quests centered around Food, Transportation, and Waste Management, as
illustrated in Figure 5.9, These quests required personal decision-making and provided
immediate feedback through the COs-Meter. Moreover, they incentivized players to
adopt more environmentally friendly practices by offering immediate feedback on their
actions. Upon completion of all eco-challenge quests, the narrative transitioned to a
broader perspective, offering a comprehensive overview that included various stakeholders
and highlighted the impact of major players. At that pivotal moment, which we referred
to as "The Twist," dramatic music was added to emphasize the delicate balance between
individual actions and the broader challenges we were facing. This balance was illustrated
by examining factors such as the use of private jets, the construction of new highways,
and the reliance on coal plants, all of which had a significant impact on the COs-Meter,
as indicated by Figure 5.10. The narrative framework leveraged storytelling and fictional
elements to enhance individuals’ comprehension and emotional connection with the com-
plex issues surrounding climate change. The narrative culminated in a climactic moment
that highlighted the importance of Community Importance and imparted to players a
Personal Anecdote, represented in Figures |5.8b/ and [5.8¢. Promoting individual behaviors
while conscientiously considering the influence of larger entities poses a multifaceted
challenge. Our proposition of a unified community appears to offer a potential solution
for achieving a sense of agency. Our narrative aimed to conclude with an optimistic
denouement, avoiding a disheartening outcome. When experienced collectively as a
community, this narrative highlighted the agency individuals possessed in influencing
the COs-Meter, emphasizing that individual actions, perspectives, and impacts held
significance. Additionally, it emphasized how, as a unified community, individuals could
exert substantial influence and contribute to systemic change.
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Figure 5.7: Diagram illustrating the narrative within Carbon Rebellion.

Narrative’s Mechanics

To diversify our narrative’s interaction, we ingrained each eco-challenge quest with distinct
mechanics, steering clear from rudimentary decision-making models like Moral Machine
ﬂm. Game mechanics often take the form of verbs to describe the player’s possible
actions within the rules and constraints of the game universe [Gral4]. Each eco-challenge
quest features a respective mechanic associated with its theme. Despite their different
themes, they still share a common concept: present players with a scenario and have
them decide on the course of action. The decision to focus on ’Food, Transportation,
and Waste Management’ was driven by their real-world impact, undeniable personal
relevance, and tangible consequences. These three domains play a significant role in
contributing to greenhouse gas emissions and climate change, as highlighted in reports
by the IPCC [LCD*24]. They are not abstract concepts but integral parts of daily life.
Individuals make choices every day related to what they eat, how they get around, and
how they manage waste, and these choices have direct, real-world consequences for the
environment. By immersing players in scenarios related to food, transportation, and
waste management, we aim to bridge the gap between abstract environmental issues and
personal responsibility, fostering a deeper understanding of the tangible effects of their
decisions.

Food: Operational verbs delineating the food eco-challenge quest encompass: Purchas-
ing, Clicking, Weighing. Lindrup aimed to enhance collective understanding of the climate
impact of food consumption through data physicalization, resulting in the creation of
Carbon Scales [LMBH23|. The study’s findings emphasized the effectiveness of interactive
data physicalizations in improving carbon literacy and highlighted the significance of
prioritizing interaction-centered, resource-efficient design in the sustainability context.
Building upon the insights gained from this study, the food eco-challenge quest’s premise
revolves around individuals navigating purchasing decisions within a simulated supermar-
ket environment, taking into consideration greenhouse gas emission -estimates (GHGe)
juxtaposed with the calorie density of food products. The in-game currency is accrued
by interacting with an intermittently illuminating coin, comparable with mechanics in
Cookie Clicker [Thil3|. Selections leaning towards plant-based options such as rice or
vegetables induce positive feedback on the COs-Meter while opting for animal-based
products results in contrasting feedback.
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Figure 5.8: Key moments from narrative’s main scene to community effort and call to
action.

Transportation: Operational verbs for the transportation eco-challenge quest com-
prise: Driving, Controlling, Fxperimenting. The transportation module accentuates the
juxtaposition between individual vehicular transportation and public transit. Individuals
possess the flexibility to transition between these modalities and discern their respective
implications. Topographic complexities vary based on the selected modality, with private
cars showcasing superior speed yet buses excelling in transport efficiency. The COy-Meter
dynamically adjusts to reflect these choices, with the design inspired by basic obstacle
navigation games.

Waste management: The waste management eco-challenge quest is defined by the
verbs: Solving, Clicking, Choosing. Within the waste management segment, individuals
are confronted with a malfunctioning coffee machine. The dichotomous options presented
are: addressing the malfunction through puzzle-solving or opting for a replacement. The
COy-Meter subsequently mirrors the individual’s choice, whether they be engaging in
the waste management process or defaulting to the procurement of a new machine.

To further advance the development of our narrative, we utilized the circle of methodology
from The Art of Serious Game Design conceptual framework [PCM23], which includes
four primary dimensions: Storytelling, Learning, Gameplay, and User Fxperience. This
model consists of three concentric circles within each dimension for an in-depth game
analysis. The approach involves answering specific questions (e.g., How will the story
end?) and positioning the response within the appropriate segment on the circle of
methodology. Implementing this technique surfaced new questions and refined Carbon
Rebellion companion. Two researchers underwent iterative cycles using this model,
initially sketching scenes and later developing the narrative, as illustrated in Figures
and One of Carbon Rebellion’s guiding principles was to make the narrative’s
outcomes largely independent of the player’s skill level. Our goal was to encourage
critical thinking and stimulate discussions among a wider audience, including those less
experienced with gaming.
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Prototyping

Our objective was to facilitate individuals in attaining an enhanced sense of personal
agency within the framework of a plausible narrative. For the narrative to achieve
its intended purpose, it must articulate the urgency and gravity of the situation, yet
concurrently retain a constructive undertone that highlights feasible solutions. While the
narrative’s themes are fictionalized, they are anchored in real-world data for authenticity.
Values in the game are presented as deviations from Austria’s average, emphasizing
relative rather than absolute impact. Please note that all calculations in this dissertation
were performed using the German numbering conventions, and we utilized data specific
to Austria, sourced from databases that employ the German numbering conventions. The
primary difference between German and English numbering conventions is that German
uses a comma as a decimal separator and a period for thousands, whereas English uses a
period as a decimal separator and a comma for thousands.

Food/ Supermarket: For the food eco-challenge quest, we utilized pertinent data
to determine the average GHGe per lkcal of food typical of a diet in Austria. This
benchmark was subsequently used to compare the GHGe based on the calorie density of
selected foods to their actual emissions. Research indicates the daily GHGe due to food
choices in Austria is approximately 7kg [DSBGJ. While investigating the average daily
caloric consumption for residents of Austria, discrepancies emerged. Some sources suggest
an average intake of 3.700kcal [DSBG] [FAO21]. However, alternative research estimates
it closer to 2.100kcal [RHK17, [HBDHT16]. The discrepancy stems from Eurostat data
inclusion of losses through food distribution and mismanagement [Eur2I]. Given these
averages, the estimated GHGe per lkcal in a typical diet in Austria is:

GHGefAVlecaLfood = 7/2.100 = 0, Oog(kg/kcal)

By incorporating caloric values from FoodData Central [USD23], we can ascertain GHGe

based on the caloric content of various foods in comparison to an average diet in Austria.

This methodology was applied to all in-game food items. To validate the alignment of
our calculations with Carbon Rebellion’s narrative, we modeled the individual’s goal
of achieving a 2.100kcal Nutrient-Meter. Based on our data (Table 5.2), selecting the

least sustainable option, meat, five times would result in an extra 2,9 kg of GHGe.

(a) Transportation Scene (b) Food Quest Scene (c¢) Waste Management Scene

Figure 5.9: Main scenes for the three eco-challenge quests.
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Table 5.2: Table displaying the GHGe values for the food eco-challenge quest using
GHGe per kg [DSBG], average energy values per food type [USD23], and the calculated
value GHGe AVGikeal food = 0,003 (kg/kcal).

Calculated average

GHGe in Austria Personal Difference
using energy of to GHGe (kg)

food (kg)

Avg energy
using quantity
(kcal)

GHGe using
quantity (kg)

Legumes

2508 0,20 250 0,83 0,63

Meat

250g 2,25 500 1,67 0,58

Cheese

60g 0,59 240 0,80 -0,21

Vegetables

150g 0,11 45 0,15 -0,05

Rice

100g 0,37 360 1,20 0,83

Conversely, choosing the most GHGe-efficient food, rice, six times would yield a savings
of 4,98 kg GHGe relative to the average. It’s pivotal to note that our GHGe metrics
incorporate emissions from packaging and transportation [DSBG]. While these figures
aim for transparency in the game’s context rather than scientific precision, they highlight
the importance of accurate data representation in the context of serious games addressing
a nuanced issue like climate change [VMvB™].

Transportation: According to the Federal Ministry Republic of Austria Climate Action,
Environment, Energy, Mobility, Innovation, and Technology, the cumulative distance
traveled by passenger cars in 2018 was approximately 8 * 1010 km [BMK21]. Adjusting
this value for Austria’s population in 2018, which stood at 8.837.707 residents, and
considering daily averages, we derive a daily private car usage of 24,8 km per capita.
Analogous computations for public transit (averaging bus and rail) yield a daily average
of 10,54 km per capita (refer to Table 5.3). Recent data from 2022, published by the
ministry, delineates the GHGe attributed to distinct transportation modalities [Umw22b].
Specifically, the mean GHGe emitted by private vehicles was quantified as 0,2176 kg
GHGe/km/capita, whereas public transit, encapsulating both bus and rail, averaged
0,03935 kg GHGe/km/capita. Harnessing these coefficients and juxtaposing them with
the derived distances, we ascertain the representative GHGe per km per individual for
each mode of transportation:
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Table 5.3: Table displaying the GHGe values for the transportation eco-challenge quest
using average distance per capita per day [BMK21 [Sta23], average GHGe by car or
public transit [Umw22b| and the calculated value
GHGefAVGtransportation =0, 1644(kg/km)'

Avg distance  Avg GHGe Avg Austria’s Personal Difference

per capita per GHGe
to GHGe (kg/km
day (km)  (kg/km)  (kg/km) (keflw)
Private Car 24,80 0,2176 0,1644 0,0532
Public Transit 10,54 0,0394 0,1644 -0,1251

0,2176 x 24,8 + 0,03935 * 10, 54

GHGe__AVGiyyansportation = 24.8 + 10.54

=0, 1644 (kg/km)

Using the aforementioned metrics and combining the distances to get 24,8+10,54 = 35,34
km the average citizen of Austria emits 0,1644 x 35,34 = 5,81 kg GHGe daily from
transportation. In the context of Austria’s prevalent preference for private vehicles
[BMK21], a player’s decision to solely use cars slightly increases their GHGe to 0, 2176
35,34 = 7,69 kg, resulting in a deviation of 7,69 — 5,81 = 1,88 kg GHGe. Conversely, if
players exclusively use public transit, emissions are only 0,0394 x 35,34 = 1, 39 kg GHGe,
leading to a savings of 1,39 — 5,81 = —4,42 kg GHGe. It’s imperative to emphasize the
intention behind these values: they are not geared towards precise scientific predictions
but rather serve as data-driven estimates within the narrative’s context.

Waste management: In the simulation, the artifact designated for waste management
is a filter coffee apparatus. The reductionist methodology employed in the food and
transportation sub-simulations cannot be directly transposed to the waste management
simulation, due to the intricate nature of waste management infrastructure [Umw22a].
Notably, some studies have indicated that Austria’s waste management operations may
even confer a net reduction in greenhouse gas emissions (GHGe) [Sta22]. Therefore, for
the waste management simulation, we will utilize hypothetical yet feasible values. Based
on our postulation, the mean GHGe associated with a standard filter coffee apparatus
over its functional life is estimated at 3kg. By elongating its utility through waste
management, the emissions footprint is postulated to decrease to 1kg GHGe. Conversely,
acquiring a new apparatus could amplify the emissions impact to approximately 5kg
GHGe.

Twist in the Narrative: Systemic challenges are illustrated by events such as private
jet usage, construction of new highways, and usage of coal plants. These issues have been
integrated as random events during The Twist to contextualize individual contributions

against broader systemic actions, potentially engendering feelings of disproportionality.
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The Twist incorporates events: Elon Musk’s private jet usage, New highway construction
to Seestadt, and Operational coal plants in Germany. The precise values for these events
are deemed ancillary, given their primary function is to convey thematic elements rather
than influence gameplay mechanics.

Showing communal importance: To highlight the salience of communal efforts
within the simulation, a segment has been integrated allowing participants to witness the
amplification of their individual actions when scaled by Austria’s aggregate populace. This
inclusion is designed to elucidate the transformative potential of collective engagement
in mitigating climate-related challenges. To identify a suitable visual depiction for
participants, we first established the potential spectrum of impact within the simulation:

Max Impact = 2-90nly meat 1 1-901f11y car 1 lorder new
= 5.8kg (GHGe)

Min ImpaCt = _4~980n1y rice + (_4-4)0n1y public transit + (_1)Waste management
= —10.38kg (GHGe)

Multiplying these values by the population of Austria - 8.837.707 citizens [Sta23]:

Worst Case = 8.837.707 x 5.8 = 51.258.700.6 kg
= 51.258.7006 t (GHGe)
Best Case = 8.837.707 x —10.38 = —91.735.398.66 kg
— —91.735.39866 t (GHGe)

The selected visualization encompasses a range from approximately -90.000 to +50.000
tons of GHGe. For clarity and relevance, we opted to express this in terms of GHGe
offset by a single windmill. By employing the Greenhouse Gases Equivalent Calculator
from the United States Environment Protection Agency [US15], it’s deduced that, at
the upper limit, 91.735 tons of GHGe equates to the offset potential of approximately
91.735,39866/3.596 = 25,51 windmills. Conversely, at the lower threshold, 51.258 tons
of GHGe can be offset by about 51.258,7006/3.596 = 14, 25 windmills.

(a) Private jet usage (b) New highways (c) Coal plants

Figure 5.10: The Twist in the narrative.
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Call to Action: We incorporated the element of "speculative design," which entailed
envisioning various future scenarios as potential solutions [SPD21]. Therefore, the
concluding segment termed the "Call to Action’, invites participants to introspect on
their allegiance to systemic climate initiatives. Furthermore, we aimed to present plausible
strategies that individuals can adopt within their societal spheres. Three actions selected
for this segment were: Promote reduced meat consumption among peers, Support a
climate-conscious political party, and Facilitate a community-based climate policy rally.
Mirroring the challenges in The Twist, quantifying the real-world repercussions of these
collective endeavors remained elusive. The exact values for these events are considered
secondary since their main purpose is to communicate thematic elements.

Game Development

The narrative’s name, "Carbon Rebellion companion," draws inspiration from the Ex-
tinction Rebellion movement by promoting environmental awareness and individual
responsibility Y. We chose the Godot Game Engine version 4.0 for the devel-
opment of the narrative. Godot’s straightforwardness and lightweight design [Tho20],
combined with a robust editor, matched our work’s scope better. All 3D assets for
Carbon Rebellion were procured from Poly Pizza [pol21], known for its vast array of
low-polygon 3D materials. The platform’s provision of .glb download files, which are
Godot-compatible, streamlined our process. During the game’s development, we imported
some assets into Blender [Ble02] for customization. For instance, we modified a street
sign asset to bear the name Carbonia, a sign to the narrative’s fictional setting. We
incorporated sound assets from OpenGameArt [Ope09], especially for interactive cues
like clicks and event-related sounds. Each sound was meticulously chosen and tailored
to resonate with the narrative’s ambiance. For ambient music across diverse scenes, we
opted for Al-generated, royalty-free tracks from Beatoven.ai [bea22]. To mirror the tone
and theme of specific scenes, we employed various modifiers in the web application, such
as Fxciting, Dramatic, and Epic, ensuring a deeper player engagement.

The Singleton Pattern [GHIV09], often viewed critically in some contexts, emerged as a
favored approach in game design, particularly within the Godot engine framework [God23].
This was especially handy for global management entities, like our SoundManager, which
oversees in-game audio. Additionally, the observer pattern [GHJV09] was applied through
the inbuilt Signals API, fostering modular design by enabling components to interact
and respond to each other without tight interdependencies. In alignment with the
game’s core components, individual scenes with related .gd scripts were crafted. These
scripts encapsulate game mechanics, physics computations, and event dynamics. Every
eco-challenge quest stands as an independent 2D scene, equipped with distinct scripts
and sub-scenes. For primary scenes (Figure 5.8) and The Twist segment (Figure |5.10),
dedicated 3D scenes were formulated, with scripts managing scene shifts and the portrayal
of various game components.

“https://rebellion.global/ — Accessed Dec 2024
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(a) From Pizel Art (b) Drawn using (¢) AI Generated
Maker Pixilart by Midjourney

Figure 5.11: Examples of 2D assets created using Al tools.

5.2.3 User Study

The research utilized a qualitative methodology, conducting interviews to collect in-depth
data. Semi-structured interviews were crafted with foundational questions to guide the
discussion. However, they were flexible enough to adapt to each participant’s views
and experiences. The primary metric of interest was motivation, with an emphasis on
assessing intrinsic motivation related to climate-centric actions. The interview began
with an exploratory query, requesting participants to elucidate their interpretation of the
game’s primary objectives. This was typically succeeded by a structured probe: If asked
to encapsulate this game in a concise summary of 1-2 sentences for a peer, how would you
articulate it?. Such open-ended questions were designed to capture organic participant
feedback and to facilitate the trajectory of the conversation based on their individual
areas of interest. The structured segment of the interview incorporated targeted queries
addressing: (1) the emotional resonance invoked by the game, (2) the game’s influence
on their climate change motivation, (3) the drive for climate action, and (4) potential
areas for game enhancement. To ensure rigorous data capture, interviews were audio
recorded using a smartphone application, enabling the moderator to maintain undivided
attention to participant responses. Concurrently, observational data on participants’
facial expressions were meticulously noted, serving as a supplementary metric to ascertain
emotional engagement during gameplay and the interview.

(a) Home Screen (b) Zoom Out for the Twist

Figure 5.12: Main Game and Zoom Out views.
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Pilot Study: We conducted four smaller-scale pilot sessions via online meeting plat-
forms, each lasting about 60 minutes. These sessions included extensive interviews and
provided opportunities for participants to give feedback. Notes were taken on technical
issues, player reactions, and thought processes during gameplay of Carbon Rebellion. We
faced challenges such as compatibility issues with outdated computer hardware and the
unreadability of text on 4K monitors, which highlighted the need for a controlled study
environment to ensure consistency and reduce complications. Based on the feedback
received, several important changes were made to improve the game. These adjustments
focused on enhancing visual clarity and refining the game’s flow and timing. Feedback
indicated that textual explanations of game controls were inadequate; we responded by
adding on-screen legends to make controls clearer. After careful consideration and the
insights gained from these pilot studies, we decided to conduct future studies in person at
the institute. This move to a controlled environment aimed to minimize the complications
associated with online setups and capture participants’ emotions and reactions more
effectively through face-to-face interactions.

Participants: Participants were recruited from courses offered by our lab at the
university and through word of mouth. Those interested in participating in the user study
were encouraged to join. We recruited 21 participants primarily through email invitations.
The majority were male (N = 15), followed by females (N = 4) and non-binary (N =
2). Out of a total of 21 participants, 14 were between the ages of 25 and 34, while the
remaining 7 fell into the 18 to 24 age group. The majority were undergraduate students
(N=12), although there were a few exceptions, including some at the master’s levels (N=3).
Among the 21 participants, 6 were staff members. Given that the participants were
primarily recruited from an academic setting, the demographic makeup displayed notable
uniformity and held a left-leaning political inclination. While no financial compensation
was provided, students received two bonus course points for participating and submitting
a one-page report on the study. Staff members and others not enrolled in the courses
also joined, motivated by their interest in the topic of the study.

Procedure: Participants were provided with a computer, mouse, keyboard, and a
display equipped with speakers. They sat in front of the display while a moderator,
equipped with a laptop, was positioned nearby to facilitate the session and monitor
interactions. Participants were provided with a verbal overview of the study’s context and
instructions on how to engage with the narrative. They were presented with an informed
consent form, which they reviewed and signed. This stage also allowed for any questions
the participants might have regarding the study’s procedure. Following the completion of
the consent form, participants proceeded to engage with the game as shown in Figure 5.12.
The gameplay lasted approximately 20 minutes per participant. During the gameplay
session, participants were encouraged to think out loud, verbalize their thoughts and fully
express what was going through their minds and their thought processes. The moderator
documented these insights manually as no audio or video recordings were taken during the
gameplay. Upon the conclusion of gameplay, we conducted a semi-structured interview,
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which we audio-recorded for subsequent in-depth analysis. Participants were offered a
choice between two languages for the interviews to ensure their comfort in expressing
their opinions. They were asked about their emotional responses to the game, its impact
on their motivation regarding climate change, and suggestions for game improvement.
The entire user study lasted approximately 50 minutes to one hour.

5.2.4 Results

General observations: Participants exhibited significant autonomy: even when con-
fronted with initial challenges related to game mechanics, the majority adeptly navigated
to solutions without external facilitation|[This finding contributes to Chapter 7, subsection:
7.3: User Autonomy and Control.] Additionally, a consistent reaction was observed in
response to The Twist, specifically the text FElon Musk entered their private jet. Every
participant uniformly manifested either a muted chuckle or a smile. Humor played a
role in engaging and amusing people, rendering them more open to the content presented
[This finding contributes to Chapter 7, subsection |7.3: Collaborative and Relational
Design./ This ubiquity of response suggests that this narrative element held a salient
resonance, potentially attributed to its humorous undertone, the unexpected nature of
the content, or its reflection on contemporary societal discussions. The unexpected plot
twist diverged from the participants’ initial expectations, eliciting surprise and intrigue,
which in turn enhanced their engagement with the narrative. Such spontaneous and
uniform emotional feedback highlights a profound level of engagement and immersion
among the participants, indicating that select components of the narrative were notably
efficacious in eliciting authentic emotional responses. Participants predominantly selected
the environmentally friendly options when faced with decisions in the game|[This finding
contributes to Chapter 7, subsection |7.5: Personalization and Adaptability.) This trend
can be attributed to several factors, notably the design of the Carbon Rebellion compan-
ion, which nudges players toward environmentally friendly choices, and the question of
whether participants are reflecting on their real-life decisions or are fully immersed in the
game’s universe, making choices based on the narrative context.

Interview data: We extracted five predominant themes. To analyze the data, two
researchers with expertise in HCI collaborated and coded the raw data [BCI9]. We
adopted a constructionist approach within reflexive thematic analysis to investigate how
participants construct meaning related to climate change through the narrative and
discourse, emphasizing the context-dependent nature of climate-related knowledge [BC21].
Researchers familiarized themselves with the content, identifying patterns and features
inherent within the data, and subsequently coding these findings. These preliminary codes
were organized into potential themes keeping research objectives in mind. Throughout
this process, both researchers continually reflected on the overarching goals of the study,
thereby constructing a comprehensive understanding of the themes that emerged during
the analysis. The Miro online whiteboard tool was employed to foster a collaborative
environment for data visualization and thematic categorization. We used the tool to
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structure and compartmentalize insights derived from the recorded interviews. This
subsequently facilitated rigorous discourse between the researchers, aiding in the formation
of the five key themes:

1. Narrative’s Message Through the Eyes of Participants: When asked
about their initial impressions and what they consider to be its key message, most
responses aligned with our intended message. One participant stated that "/The
narrative is] more about putting your contributions in terms of decisions you make
and their impact, putting that into perspective next to some of the more, let’s call
them more serious or more significant, choices or decisions or policies that could
be affecting the environment more". Another participant’s takeaway was "that
collective action is more useful than individual contributions’. Meanwhile, others
provided more abstract reflections on the nature of climate change and the need
for personal growth to address this global issue: "[My main takeaway from the
narrative is] that you often have to move out of your comfort zone or spend time
so that you can do something about climate change.” During the interviews, several
noteworthy responses perfectly encapsulated our intentions when we designed the
game. For example, one participant summarized their main takeaway as follows:
"[My main takeaway is| that we individually already have an impact to make on the
environment, and if we make conscious decisions about what we buy, how we buy -
so “reuse, reduce, recycle® and so on - those core values are environmental issues
that we can actually work on. We already make an impact in our local environment,
but if that’s something that more people do, it becomes something that is measurable
- even by global standards."

2. Attitude towards climate change: Most participants had a pessimistic tendency
for example ".. that the impact of an individual is definitely worth something,
but if we don’t do something globally or politically, [the individual efforts] won’t
help much.” Another participant brought up the point that "No matter what
you are doing, the system behind everything is much bigger'. Similarly, another
participant said that "even if everyone in continent became green fanatics, as long
as the politicians don’t change, nothing big is going to happen'. One participant
commented on the current situation of attitude, they thought "we are divided, but a
big part of society still thinks that no matter what we do, if big corporations or big
countries don’t reduce their [impact] - then it’s all for nothing. There is definitely a
pessimistic tendency.” Another participant attests to this pessimistic tendency: "I
don’t believe - you showed this in the game with the bars - [that you can do much
as an individual]: How much is ultimately done by countries, companies and the
super-rich?". Many participants expressed a sense of climate anxiety, believing
that individual efforts may have limited impact without global or political action.
They emphasized the significance of systemic changes, collective actions, and the
influence of politicians and corporations, contributing to a prevailing pessimistic
outlook on addressing climate issues. Most participants reported that the narrative
did not discourage them from climate actions. This effect could be attributed to our
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approach of offering individual options for collective action and illustrating their
impact when the entire population of Austria engages in environmentally friendly
actions. We found it surprising that the participants did not feel discouraged in
the slightest by the narrative. Many expressed the belief that the game would not
demotivate anyone. It’s possible that their preexisting awareness of a bleak future
insulated them from being disheartened by the narrative’s unexpected turn. As one
participant put it: "When Elon Musk flies around the earth 3 times in his private
jet or flies to the moon or Mars for fun - but also various productions in China or
America with their ‘broom broom’ unfiltered cars - these things add up to a whole
different level. We can take the train as much as we want or buy no meat or only
certified organic meat - it doesn’t matter."

. Realization of agency: We discerned a salient positive influence exerted by the

narrative, particularly on participants who initially harbored the belief that their
individual actions bore minimal significance. These individuals came to acknowl-
edge that while isolated personal efforts may appear inconsequential, collective
action possesses the potential to effect meaningful change. This realization was
articulated by one participant who remarked: "In my opinion, climate change was
more caused by coal plants, non-renewable energy, and the lack of or inadequately
stringent requlations for factories. While these factors represent the foremost threats,
I consistently underestimated the impact of an ordinary person’s contributions. This
insight from the game resonated with me: I may not control the actions of manu-
facturing businesses—what I do may seemingly hold little sway—but [the narrative]
tlluminated the fact that when numerous individuals engage in concerted efforts, they
can collectively combat climate change and effect a tangible difference.” We arrive
at the inference that Carbon Rebellion not only offers a broader perspective but
also highlights avenues for individual agency. Another participant rationalized this
by asserting: "Typically, we do not concern ourselves with our [community] COs
emissions, as we tend to fizate on our personal impact, which, in isolation, appears
inconsequential. Yet, when one calculates this cumulative impact across an entire
population, the results can be staggering." Another participant appreciated that the
narrative conveyed the message that "one person alone cannot effect significant
change, but when everyone collaborates, meaningful transformation becomes attain-
able.” At the same time, participants recognized the limitations of individual agency,
acknowledging that personal sacrifices alone might not significantly impact the
environment. One participant shared the following: "[The game is about] expanding
people’s awareness that it’s not so easy in our world and that we should be looking
at how we behave right now, because I think climate change is very real and affects
us all and especially our successors at some point, and we should definitely do
something. [the explicit question of how we should act] As already indicated in the
game, very much through small actions of our own and also as indicated in the
game, we can only have a certain degree of influence on whether we now buy certain
things or consume less electricity. Where action needs to be taken, in my opinion,
are the big companies that are doing a lot of damage to the environment." Another
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participant argued "me suffering in 32°C will do nothing for the environment”.

. Fostering critical thinking: Participants consistently emphasized that the narra-

tive’s impact lay more in the discussions it sparked than in the gameplay itself. One
participant remarked "More significant impact came from the questions than the
game itself because the game is entertaining, and individuals may readily engage in
actions [within the narrative] that are considered bothersome in real-life scenarios.
However, the discussion, especially those related to political matters [..discussion
truncated..], can serve as instructive tools." This recurring theme consistently sur-
faced when participants were asked about the impact of the narrative. We posit
that a contributory factor to this phenomenon is the awareness of the subject
matter among the participants. For instance, one participant said "The content
may be somewhat protracted, yet it serves as a catalyst for contemplation - I found
it acceptable.” Another discernible indicator validating our hypothesis that the
narrative indeed fosters critical thinking and ignites thoughtful discussions is the
extensive array of topics. The topics broached encompassed a wide spectrum,
including nuclear power, solar energy, politics, optimism, pessimism, and philos-
ophy, among others. These dynamic exchanges served as compelling evidence of
Carbon Rebellion’s ability to facilitate substantial discussions among individuals,
encompassing diverse facets of climate change and its broader ramifications on
society, politics, and personal convictions.

. Climate change is a complex issue: Participants highlighted the importance

of personal responsibility, the unequal distribution of climate impacts, and the role
of individual actions in addressing climate change. One participant emphasized the
absence of a universal solution due to the multifaceted nature of climate change,
stating, "There is no one-size-fits-all solution for climate change.” A specific
challenge associated with climate change is the disparity between responsibility and
impact: industrialized nations often contribute significantly more to greenhouse
gas emissions compared to developing countries, yet it is the developing countries
that frequently bear the brunt of the consequences [Nyi21]. This disparity, coupled
with the political tendency to favor short-term solutions for long-term problems,
has sparked a debate on climate change during the interview. Ome participant
noted that "It is when you deal with climate change on a personal level and try
to reduce certain things that you get particularly annoyed or angry when someone
flies around in a private jet". They highlighted the political nature of climate
discussions and the need to consider diverse perspectives while emphasizing both
personal and systemic actions as vital components in tackling this multifaceted
challenge. A participant highlighted, "Fven if the system is much bigger than you,
it still matters what you do because if everyone does it, it has an impact. Both sides
[of climate change] are shown [in the narrative/, not just one side or the other.
People often focus on the fact that you only have to take care of your own impact
or the other way around, that people think it doesn’t matter if you eat meat every
day because the system is the only really important thing - both sides are shown [in
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the narrative]." The game’s inherently political nature also renders it controversial,
as one participant commented:"[The game] was very political for me. Playing
a game is never going to change my political opinion, especially with the recent
disappointments in politicians... because of the general disappointment - I associated
some of the questions directly with a negative sentiment" [This finding contributes
to Chapter 7, subsection |7.5: Personalization and Adaptability.| Based on these
responses, we believe that we have effectively illustrated the complexities of climate
change without suggesting simple solutions. Many participants appreciated the
narrative’s nuanced approach, avoiding "greenwashing” and addressing the broader
global context [This finding contributes to Chapter 7, subsection |7.3: Cognitive and
Emotional Support.| One participant was even surprised and mentioned that they
appreciated not being Greenwashed, noting, "I thought [the narrative] would just
end like this, the game says “Okay, you’re in the green, everything well done, you
are great”, but then the zooming out happened [to the global events] which I did not
expect but thought it was good."

5.2.5 Discussion

"Carbon Rebellion Companion" stands as a compelling proof-of-concept, illustrating
the viability of presenting diverse perspectives on climate change without disheartening
individuals. This interactive narrative platform delivers digestible chunks of information
within an engaging format, effectively rendering complex climate issues accessible and
enjoyable for exploration. Distinguished from the array of serious games tailored for
climate change education, which adopt various approaches — from simulation and modeling
to decision-making and storytelling — "Carbon Rebellion" amalgamates elements of both,
offering individuals a multifaceted experience. While games like "Fate of the World"
have been criticized for invoking feelings of despair [Red11], our narrative empowers
players to enact environmental reforms, showcasing the potential of collective effort. Our
study findings highlight the capacity of interactive narrative media to raise awareness,
foster critical thinking, and reshape perceptions concerning critical global issues like
climate change. Echoing previous research [Dahl4] m, our results emphasize
the transformative potential of narrative, particularly in shaping participants’ attitudes,
particularly helpful in conveying scientific information to non-experts. Through our
study, we observed a shift from pessimism to newfound positivity and empowerment at
the community level, signifying the evolution of participants’ understanding of climate
change during their engagement with the narrative.

Moreover, the narrative not only informs but also has the potential to influence societal
discussions, as evidenced by participants’ reactions to contemporary references. During
our observational phase, we noted consistent positive reactions, such as muted chuckles
or smiles, indicating a notable resonance with this narrative element. This resonance
may be attributed to elements of humor, unexpectedness, or its reflection on ongoing
societal debates. Participants also demonstrated significant autonomy as they navigated
the narrative’s challenges, reflecting a high level of engagement crucial for the success
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of any interactive medium aiming to raise awareness about complex issues. Traditional
campaigns may convey similar messages but lack the personalized, experiential aspect of
gameplay.

The interview data further enriched our understanding of participants’ experiences, re-
vealing recurring discussions around the complexity of climate change and the absence
of a universal solution. Participants expressed frustration over the unequal distribution
of climate change impacts, especially when contrasted with displays of excess, such as
private jet travel. This tension between individual actions and systemic issues highlighted
the complex nature of climate change discussions. Our narrative’s effectiveness in commu-
nicating these complex topics aligns with previous research [SB18]|, acknowledging
the narrative’s potential to engage and inform audiences effectively. This power can be
harnessed for other social causes, evoking emotions and motivating people. Whether
through interactive media or broader storytelling, the narrative serves as a potent tool
to raise environmental awareness, encourage critical thinking, reshape perceptions, and
ultimately influence behaviors. This warrants a more comprehensive and systematic
inquiry.

"Carbon Rebellion" places a strong emphasis on personal agency and collective action,
demonstrating to players that their choices matter. Many participants, initially feeling
their individual actions were inconsequential, experienced a paradigm shift, realizing that
collective efforts can lead to meaningful change. This underscores the narrative’s potential
to shift perceptions and attitudes, not just inform. Furthermore, the narrative’s ability
to foster critical thinking was evident, with some participants finding the narrative’s
questions more impactful than the gameplay itself. This suggests that while entertainment
is crucial, the narrative’s educative and reflective components play an equally, if not more,
vital role in influencing participants. This approach extends beyond mere information
dissemination; it has the potential to reshape perceptions and attitudes toward a wide
range of societal challenges. We aimed to leverage data as a capacity to empower players
to make informed decisions and strike the balance between understanding sustainability
deeply and taking impactful real-world actions [LTRF23]. To address the research
questions posed in the introduction and to re-emphasize our findings:

« RQ1: Developing an engaging climate change narrative rooted in factual data

involves providing individuals with diverse perspectives from various stakeholders.

It’s essential to present an honest portrayal of the severity of climate change
alongside actionable strategies to promote individual involvement. Highlighting the
strength of community-based efforts in addressing this global issue is also crucial.

¢ RQ2: The narrative demonstrated the interplay between the personal narrative and
the data-driven narrative through the design of gameplay that contrasts individual
actions with systemic issues. This is highlighted in the game through various
mechanisms like the personal decisions in mini-games and the systemic events
known as The Twist where the larger, uncontrollable factors are introduced, such
as the use of private jets or construction of new highways. We conclude that
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individual experiences and preferences, when combined with data-driven narratives,
can significantly impact user engagement. Some felt that the narrative was about
understanding the impact of personal decisions in the broader context of more
significant choices or policies affecting the environment. Others believed that
collective action is more beneficial than individual contributions. Such personal
reflections, combined with the overarching narrative, can foster deeper engagement
and understanding of the subject matter. For example, an intriguing observation
from all participants was their reaction to The Twist, as each invariably responded
with a slight audible laugh or smile at this moment.

¢« RQ3: Interaction with a data-driven narrative can foster critical thinking, evoke
emotional responses, and promote a drive for climate action. While many partici-
pants had a pessimistic tendency regarding the impact of individual actions, the
narrative did not discourage them from climate actions. Instead, it emphasized
the importance of collective efforts and policy measures in making a significant
difference, cultivating a sense of hope and agency in their actions. The narrative’s
focus on emotions and subversion led to lively discussions and promoted critical
thinking. Notable trends and tendencies were observed, such as (1) the climate
action categories "More Tax" and "Renewables" delivering consistent messages, and
(2) every participant opting for environmentally friendly choices.

Limitation and Future Work: The participant group was relatively homogeneous
leading to a convergence of opinions. One participant said "..because this is a topic that
is talked about all the time anyway and I think that most people have already formed
an opinion. FEither they care more or less, but half an hour won’t change their minds
now." Some participants believed that the narrative’s scenarios were not particularly
challenging, with the main issue of the absence of meaningful consequences for their
actions within the narrative. A participant stated "I think it’s not about difficulty because
difficulty is cool in a game, but it’s about making you feel a bit bad [...] the first thing
that comes to mind: there are lots of games like this, I see them advertising like "You
need to keep the house warm; otherwise, the king will be frozen,” and it makes you feel a
bit bad. If you do something like, buy more meat, and then it shows something like 'the
fabric is growing,’ something that makes you feel the consequences. Not more challenging,
because challenging makes you feel good. If you make the game more challenging, I don’t
think you will reach your goal; you need to make the game more empathetic - something
to increase the empathetic aspect. Not only showing that the number is going up or down
but being overly dramatic - and don’t do it exactly this - in the supermarket game when
buying too much meat, you could show a dead cow on the screen which makes you feel
bad." They emphasized the importance of evoking empathy and making individuals feel
the real-life consequences of their decisions. For future steps, the narrative’s challenges
present individuals with morally complex dilemmas that are both difficult and thought-
provoking. These dilemmas should not be designed to test the player’s gaming skills or
reflexes but rather their ethical judgment and decision-making abilities. To achieve this,
game developers should craft scenarios that force individuals to consider the broader
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implications of their decisions within the context of environmental responsibility. The
challenges should encourage individuals to grapple with questions like whether personal
convenience should outweigh ecological concerns, or whether short-term gains should take
precedence over long-term environmental impacts. Some participants found the puzzle
in the narrative to be straightforward and didn’t see a reason not to solve it, stating,
"Why would I not solve the puzzle? It’s a game - I see a puzzle, I solve the puzzle."
Developers can incorporate intricate clues, requiring individuals to think critically and
use their problem-solving skills more extensively. Puzzles can, in turn, exert a tangible
influence on the narrative, or the overarching storyline, instilling within individuals a
profound sense of agency and accountability. Furthermore, additional studies should be
conducted with a wider range of participant demographics, especially regarding their
awareness of climate change. This should involve inviting participants from various age
groups, and different social and academic backgrounds. Additionally, collecting responses
from climate deniers is an interesting aspect of future research to explore the narrative’s
impact on individuals with varying perspectives on climate-related matters.

5.2.6 Conclusion

The challenge of climate change communication is to inform, engage, and inspire action
effectively. To address this, "Carbon Rebellion Companion" was designed with a narrative
that not only informs but also resonates deeply with its audience. By addressing relatable
challenges, the narrative fosters a sense of agency, shapes attitudes, and promotes critical
thinking about climate change. The narrative of "Carbon Rebellion" flows from a data-
driven foundation through engaging tasks and unexpected twists, to a final call to action,
all designed to highlight the broader community impact of individual and collective
decisions. The integration of Al tools in the development process not only facilitated the
creation of scenes but also enabled rapid prototyping, fostering discussions and timely
changes within the scenes. The findings from the study highlighted the effectiveness of
such a holistic approach in climate change communication. The pessimistic tendencies
observed among participants highlighted the urgency of the situation, yet the narrative’s
emphasis on collective strength offered them hope. In post-gameplay semi-structured
interviews, participants discussed a variety of climate change-related topics, reflecting on
the personal and broader systemic impacts of their decisions. This highlights the game’s
role in sparking thoughtful and critical discussions, with responses that extended beyond
the game’s content to broader environmental and societal concerns. Such engagement
indicates that the game effectively deepens participants’ involvement with climate action
and has the potential to shift perspectives, promoting a more reflective approach to
climate change and personal responsibility. In navigating the complexities of climate
change, narratives like "Carbon Rebellion" play a crucial role in guiding and inspiring
community involvement. Through the power of a factual narrative, the game fosters
a renewed sense of agency and collective purpose in addressing one of our time’s most
pressing challenges.
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CHAPTER

Mindful Box Companion

This chapter introduces a tangible opt-out solution, the reactive Mindful Box companion,
designed to promote mindful smartphone use and reduce screen time. It is based on our
following publication:

Shahu, A., Sehic, E., Michahelles, F. (2025). Digital Detox by Design: Evaluating a
Lockable Box for Mindful Technology Use, Designing for Self-Determined Engagement
with Pervasive Technology, IEEE Pervasive Computing special issue (Submitted -
Under Review)

The advent of technological innovations such as computers and smartphones has pro-
foundly changed the way people interact socially. However, this constant connectivity has
led to excessive smartphone use , which has been shown to have detrimental
effects on both physical and mental health [DAATS, YCHS21]. This is largely due to
mindless and unhealthy patterns of phone use, characterized by aimless scrolling and
unfocused interactions [Lup21]. Previous studies have suggested various strategies to
counteract digital overuse [Forl5, WOEL9, SMWM22], including maintaining a healthy
lifestyle, eliminating negative digital content, and engaging in physical activities such as
walking and yoga. While applications to support digital detox are emerging, none have
gained significant popularity. Despite the availability of such applications, screen time
has continued to increase |'. Adaptive digital solutions in which users retain agency, such
as MyTime [HHKKI6], may fail because compulsive behaviors are often triggered by
the mere presence of a smartphone TERR14]. Researchers have used abstinence
tasks to assess the addictive nature of smartphones and have found that users experience

anxiety and subsequent relief during such tasks [WOET9, [Syv20].

1https ://www.washingtonpost.com/business/2019/06/21/screen-time—is—rising—
reading-is—-falling-its—-not-young-peoples—fault/
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The challenge remains to develop methods that effectively utilize physical opt-out while
mitigating its negative effects. Our research focuses on the design of a tangible physical
opt-out solution to promote intentional and mindful device use, with the goal of reducing
screen time while maintaining user agency. Through expert interviews with therapists
working in the field of addiction, we found that digital device free hours or days, along
with digital device vacations, hold promise as effective interventions. It is important to
note, however, that complete physical disengagement could also inadvertently exacerbate
digital stress and loss of agency. We developed a "mindful box" with a locking mechanism
controlled by a microcontroller and solenoid lock, allowing users to set timers and securely
store their devices (phones and tablets) in the custom-designed wooden case. In addition
to the locking function, the prototype included features such as gentle wake-up functions,
meditation support, a cheer list for motivation, and water reminders to promote wellness.
During a one-week field study with seven participants, we evaluated the effectiveness of
our box. Participants were asked to keep daily diaries to record their experiences and
interactions with the Mindful Box. Interviews provided deeper insights into subjective
experiences and interpretations of the prototype’s features.

Analysis of our results showed that the Mindful Box, particularly its locking feature,
had a significant impact on reducing average screen time. The Wilcoxon signed-rank
test comparing the average screen time before and after the study showed a statistically
significant difference with a corresponding p-value of 0.016. Users praised its ease of use
and effectiveness in combating distractions, promoting mindful use, and highlighting its
potential as an effective means of limiting digital device use. However, some users found
the lock feature inconvenient, requiring adjustments to their routines and planning ahead.
It proved beneficial for certain tasks and users, highlighting the importance of personalized
optimization for different needs and work styles. Our work highlights the need to find
the right balance between digital devices and personal well-being. The mindful box is a
promising intervention with a high predisposition for absent-minded use, empowering users
to regain control over their digital habits while preserving their autonomy. Autonomy
was supported by allowing users to set their own lockout durations and disengagement
timing, reinforcing a sense of control rather than restriction. Competence was addressed
through repeated habit-forming interactions and goal clarity, which participants found
empowering. Although less explicitly social, the intervention supported relatedness by
encouraging more present interactions, as some participants locked their phones during
social gatherings to be more engaged in the moment.

6.1 Related Work

Modern mobile technologies are intentionally designed to be engaging because of the
attention economy [HS20, [HogOI]. The ease of use of smartphones makes it effortless
for individuals to spend an inordinate amount of time engaged without even realizing
it. Absent-minded use occurs when users engage with their phones without a conscious
intention or goal, often resulting in more time spent on their phones than they desire
[MDROSIg|. Many smartphone users have reported excessive and habitual use of
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technology that they later regret or find meaningless [Lup21]. Persuasive technologies
in digital environments can influence user behavior without coercion [Fog02]. Some
users move applications to secondary screens to reduce distractions and curb excessive
smartphone use [Syv20]. Major companies have introduced digital wellbeing approaches
such as Google Wellbeing and Apple Screentime. Wellbeing apps in app stores offer
features such as blockers, timers, and motivational tools [MRDRI9]. Khot et al. [KYA22]
aimed to promote positive wellbeing by encouraging regular micro-breaks from screen
work through Zenscape, an innovative tangible system inspired by Zen garden philosophy
that provides non-work related creative micro-activities through the action of agitating
water and sound. Paradoxically, some of these wellbeing applications address problems
caused by the very phones on which they are installed, as the mere presence of a phone

can be disruptive [TFRR14].

Dumbphones? represent an approach to mindful phone use because they offer only basic
functions such as calling and aim to separate the pragmatic aspects of smartphones
from their hedonic qualities. By reducing the hedonic qualities, dumbphones aim to
diminish the emotional appeal of smartphones. In addition, groups have organized an
annual national (and global) ® Day of Unplugging, which has been held for several years
and has a large following. Similarly, travel companies promote so-called digital detox
camps or centers and "mobile-free" vacations, all designed to help people escape from
everyday digital connectivity. Studies have shown that on-device digital opt-out methods
are not very effective in curbing excessive use ﬂmﬂ Physical opt-out strategies,

an under-researched approach, involve the conscious management of smartphone use.

Separating users from their phones can cause anxiety because phones are perceived as
extensions of themselves [WOE19]. Removing phones completely or forcing users to turn
them off and keep them out of sight also increases anxiety [CRCCI4]. Approaches such as
phone sleeping bags |4 and Yondr Pouche®, which block phone signals, create phone-free
spaces to encourage face-to-face social interaction. However, such strategies can limit
user agency and lead to a sense of missing out. Our approach to physical opt-out involves

implementing a temporary physical barrier using an "out of sight, out of mind" strategy.

This allows users to intentionally lock their devices and prioritize wellness before gaining
access to their phones. We prioritize user agency by giving them the flexibility to choose
the duration of the device lock and the specific time they want to activate it. This allows
users to plan alternative activities during the time they are intentionally away from their
devices.

6.2 The Mindful Box Companion

The concept of the Mindful Box was based on themes that emerged consistently in
previous studies, particularly Nudgit and Watchful Detox Companion, and in preliminary

2https://t3n.de/news/dumbphones—handys-simpel-801028/
3https://www.unplugcollaborative.org/
4https://unplugrevolution.com/product/phone-sleeping-bag/
Shttps://www.overyondr.com/
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research. Nudgit addressed this by embedding subtle nudges into content consumption,
while Watchful Detox focused on self-monitoring through wearable feedback to increase
awareness. However, findings from both studies also suggested that awareness alone
was often not enough, users often expressed a desire for stronger mechanisms to resist
temptation and enforce breaks. The Mindful Box was designed in direct response to this
need: a more tangible, reactive intervention that externalizes control and gives users a
way to intentionally place their device out of reach. Initial problem identification emerged
from recurring themes in expert interviews and preliminary surveys; to translate these
insights into concrete design directions, we conducted iterative ideation workshops with
fellow researchers, where low-fidelity mockups and speculative concepts were critiqued
and refined. Throughout this process, we experimented with different levels of user
control and lock duration feedback.

6.2.1 Preliminary Research

To gain a nuanced understanding of the problem space, we began our research with
an online survey that explored participants’ attitudes toward digital device use and its
potential link to digital addiction. The survey explored usage patterns, daily screen
time, related challenges, and experiences with digital detox. A total of 118 individuals
participated, primarily in the 24-27 age range, with a gender distribution of 51.7% male
and 45.8% female. Notably, 41.5% reported owning four or more digital devices, and
functionality was the primary motivation for purchasing new devices (39.8%). More
than half (55.9%) of respondents used their smartphone more than five hours a day.
The most commonly used apps were communication (n = 104) and social media (n
= 96), followed by music and video (n = 85) and productivity tools (n = 81), while
photography (n = 44) and games (n = 37) were less commonly used. Within the 24-27 age
group, communication and social media dominated digital activities, with web browsers
(34.5%) and WhatsApp (16.1%) being the most popular platforms. Interestingly, 60.2%
of participants reported health issues related to device use, including physical symptoms
such as eye strain and headaches, and psychological effects such as lack of concentration
and focus. In terms of digital detox, 62.7% (N = 74) had previously attempted to take a
break from devices - typically no longer than a month - with many using app blockers to
assist. Additional comments revealed concerns about unconscious content consumption
and the difficulty of changing ingrained habits, highlighting the need for interventions
that promote more mindful digital use.

To supplement the survey results, we conducted expert interviews with individuals
specializing in clinical and health psychology and psychotherapy with a focus on digital
addiction. Each session lasted approximately 30-35 minutes and was thematically analyzed
using a Miro board. The interviews explored key topics such as the definition and
benefits of digital detox, the challenges people face in attempting detox, and strategies
for overcoming them. Experts highlighted the importance of setting clear goals and
boundaries, and emphasized mindfulness and self-reflection as critical elements in the detox
process. Thematic analysis revealed five central themes: "therapy," "digital addiction,"
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6.2. The Mindful Box Companion

(a) Laser Cut Wooden box (b) Home Screen of the Prototype

Figure 6.1: Laser-cut wooden box containing a Windows tablet, microcontroller, and
solenoid locks, with the tablet serving as the host for the prototype application.

non

"what leads to problematic use," "consequences of problematic use," and "characteristics."
In the area of therapy, the need for self-regulation and intrinsic motivation was emphasized,
along with a non-critical, open-minded approach to behavior change. Social pressure,
self-doubt, and societal norms were identified as key contributors to addictive behavior.
The consequences of problematic use were seen to extend beyond individual health,
affecting personal relationships, emotional well-being, and daily functioning. Based on
these findings, the experts recommended that any digital detox companion should include
features such as physical boundaries, alternative offline activities, performance incentives,
and tools for reflection and mood tracking - with the ultimate goal of reducing digital
dependence in a supportive manner.

6.2.2 Box Design

Based on findings from preliminary work and existing literature, we created a digital detox
companion called the Mindful Box (MBox), as shown in Figure 6.1a. Three researchers
synthesized the data and conducted a collaborative brainstorming session to finalize the
following eight features presented on the home screen.

¢ Home Screen: The home screen prominently displayed all features, as shown
in Figure 6.1b. The core features, Lock and Gentle Wake, were highlighted with
larger fonts to emphasize their importance.

o Locker: This feature allows users to lock their smartphone or tablet away for a
selected period of time. Users have the freedom to customize the duration of the

lock by setting a timer for the periods of time they wish to store their devices.

Once the timer was set, they were instructed to place their devices in a drawer
and securely close it before clicking the lock button, as shown in figures |6.2a),
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Set timer for: 0 minutes:

Enjoy and relax!
1:56

(a) Set a timer to lock your device for a customiz- (b) Screen displayed after setting a custom lock
able duration, determined by your preferences duration and activating the device lock feature.

Figure 6.2: Lock Feature

During the locking period, users were encouraged to focus on other tasks or
activities while their phones remained physically inaccessible.

Gentle Wake: With this feature, before going to bed, users can secure their
devices in the aforementioned designated locker area and set the alarm for the next
day. Users can replace the loud alarm ringtone on their smartphones with more
soothing sounds for a gentler wake-up experience. During the first 30 minutes of
the day, users’ access to their digital devices is restricted, as shown in Figure
Upon waking, the device remains locked for the first 30 minutes, allowing users to
start their day without the distractions of social networking and online activities.
The box also includes charging ports inside, allowing users to recharge their device
batteries overnight.

Meditation: This feature is designed to improve users’ well-being and help them
live a more positive life. Instead of starting the day with social media and being
overwhelmed with irrelevant information that distracts their thoughts, the guided
meditation feature directs the user’s focus to internal sensations and emotions.

Therapy: In certain situations, it is essential to seek the advice of a specialist.
MBox facilitates referrals to nearby mental health professionals, providing relevant
office information, contact details, and other essential information to help users
connect with the right professional.

Cheer List: MBox provides a positive reminder list to help users overcome stress,
and low moments throughout the day. Users can personalize the list with things
they love, quotes, poems, calming activities, and positive aspects of their lives.
During the day, Mbox suggests items from the list to improve their mood, as shown
in the figure 6.3b

Water Intake: While many people may not need a hydration reminder, some may
benefit from it. The water intake reminder helps users stay hydrated by prompting
them to keep track of their consumption.
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Tirme

17:33:21

Alarm is set for 08:00:00

Graat! The box will opan 30 rminutes after the
alarm. Good night—

(a) Gentle Wake Lock for 30-minute device re- (b) User can click 'Get Cheer’ for personalized
stricted mornings uplifting messages

Figure 6.3: Features Promoting Positive Mood

o Events: We have integrated links to free events and group activities in our city,
displaying relevant details such as event time and location. The user has the
flexibility to filter the list and select an event that matches their current mood and
preferences. Dining out, exploring new places, playing sports, reading, or dancing
can all provide entertainment and help users relax.

o Activity Tracker: To make exercise engaging and fun for the user, Mbox introduces
exercise challenges. The user can participate by tracking steps or performing other
sports activities, which are then converted into step equivalents.

Hardware

The central control hub was a Windows tablet with an intuitive touchscreen interface.
The ESP32 microcontroller acted as a bridge between the application and the physical
components, facilitating communication and controlling the solenoid lock. Python was
used for the ESP32’s web server functionality because of its simplicity and network
communication capabilities. The solenoid lock, controlled by the ESP32 via a relay,
provided precise access control to the shelves. All components were powered by a
dedicated 12V power supply connected to a standard 220V power source. The hardware
was housed in a custom laser-cut wooden case, which provided protection and enhanced
the aesthetics of the prototype, as shown in Figure

Software

A JavaScript library served as the underlying technology for building MBox’s user
interface. Its component-based architecture and declarative nature simplified the creation

of reusable Ul components and ensured efficient updates and rendering optimizations.

Google Firestore, a NoSQL cloud-based database, was selected for efficient data storage
and management. To host and deploy the Digital Detox companion, we relied on Netlify,
a cloud platform designed for web application deployment. Features such as continuous
deployment, scalability, and content delivery network (CDN) contributed to optimal
performance and provided a reliable and efficient hosting environment.
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6.3 Mixed Method User Study

We employed daily diaries as a means of collecting subjective information about partici-
pants’ interactions and experiences with the MBox on a daily basis. These diaries served
as reflective tools that allowed participants to document their thoughts, feelings, and
behaviors related to technology use and engagement. The diaries consisted of a series
of questions that participants answered for each day of the test period. In addition,
interviews were conducted at the end of the seven-day testing period to obtain in-depth
qualitative feedback.

6.3.1 Participants and Procedure

The study comprised 7 participants (3 female, 4 male) with an age range of 22 to 29
years (M = 23.25). Recruitment was conducted through word of mouth and online
forums related to our university courses. Participants were shortlisted for the study
through an initial survey that collected demographic information, current device usage
time per day, and their feelings related to usage and motivation to reduce device usage.
Participants who reported spending more than the average amount of time on their
devices and who expressed motivation to reduce screen time were selected for the study.
Informed consent was obtained from all participants prior to the start of the user study
to ensure their voluntary participation. A brief tutorial was provided at the beginning to
familiarize participants with MBox and how to use it. They were then instructed to take
the prototype home and use it for 7 days to explore and cultivate a healthier relationship
with technology. To supplement the data collection, participants were also provided with
a printed diary to be completed daily to record their experiences and interactions with
the MBox. After the 7-day period, participants returned to the lab and returned the
MBox along with the completed diary. They participated in semi-structured interviews
to reflect on their experiences with the prototype. The interviews covered aspects such
as length of use, preferences, and challenges encountered. Each interview lasted about
25-30 minutes.

6.3.2 Measurements

Quantitatively, we recorded participants’ screen time and lock time. To ensure accuracy
and to evaluate the final results, we compared screen times at the time of hardware
pickup and upon return. Initial screen times were documented on participant consent
forms during hardware pickup, and updated times were recorded during subsequent
exit interviews. The study used a mixed-methods approach, with data collection topics
including (1) overall feelings about using the technology, (2) accomplishments with the
box, (3) most useful features and why, (4) changes in usage patterns, and (5) improvements
and future directions. The thematic analysis was conducted by a core team of three
researchers, one female and two males, all experienced in human-computer interaction
(HCI) research. To facilitate the analysis process, an online whiteboard tool, Miro, was
used for collaborative discussion and data categorization. The interviews were audio
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recorded. The interviews were analyzed using the qualitative content analysis method
by three researchers [May00]. The analysis of interview data in this study followed a
structured process of transcription, coding, category creation, and theme development.
The data categorization of each interview underwent a second review by at least one
researcher to determine the final categorization.

6.4 Results

Statistical comparisons were performed using IBM SPSS Version 27.

6.4.1 Quantitative

Participants used the lock feature for extended periods of time, suggesting that MBox
encouraged intentional screen time reduction. The average device lock time ranged from
36 minutes to 216 minutes, with a mean of 123.29 minutes and a standard deviation of
73.072 minutes. The distribution of average unplugged time showed negative skewness,
indicating that the data were skewed toward longer unplugged times. Participants used
the mindfulness aspect. The average meditation time reported by participants ranged
from 0 minutes to 10 minutes, with a mean of 6.00 minutes and a standard deviation of
3.697 minutes. The kurtosis value suggested a slightly negatively skewed distribution,
indicating that the data were slightly skewed toward shorter meditation durations. We
used the Wilcoxon signed-rank test to compare the means of average screen time before
and after the study. The Wilcoxon signed-rank test statistic with a corresponding p-value
of 0.016 indicates a statistically significant difference between the means, with an effect
size of -2.410. The results indicate a significant reduction in screen time during the 7-day
intervention period, suggesting the effectiveness of the opt-out strategy. Intentional use
of the lock feature during focused activities such as studying, cooking, socializing, or
engaging in other tasks promoted mindful device use behaviors.

6.4.2 Qualitative

For the qualitative data that was collected through the daily dairy and the interviews,
we endeavored to make sense of all the notes, observations, and discoveries that we had
recorded by using themes to categorize the data and build the following through-lines:

The Lock Feature helps avoid distractions: Based on the feedback from users, the
Lock feature of the prototype appears to have both positive and negative aspects. Users
found it easy to use and helpful in avoiding distractions, which suggests that it is an
effective way to limit digital device usage. One participant said “I really liked the Lock
feature. It helped me stay focused and avoid distractions while I was trying to get work

done“ Locking one’s devices required planning ahead and adjusting to a new routine.

Some users found the Lock feature inconvenient and challenging. Another participant
reported “I found it difficult to resist the temptation to check my phone, even when it
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was locked away.” Another said “It helped me focus on the present moment but I did find
it challenging to completely detach from my phone for longer periods of time, so I had to
adjust the lock duration accordingly.”

Impact of the Lock Feature: Some users did not see a significant impact on their
productivity, while others found it helpful in getting work done. This could be due to
individual differences in work style and the types of tasks being performed. It may be
worth exploring further how the Lock feature can be optimized for different types of users
and tasks. Some users reported moments when they really needed to access their device
but were prevented from doing so, which suggests that the feature may not be suitable
for all users or situations. Our participant said “The lock feature was a bit challenging
for me because I have a busy schedule and need to be able to access my phone for work
purposes. However, I did appreciate the concept behind it and found that using it during
my free time was helpful in reducing my overall phone usage.“ Another reported “There
were moments when I really needed to access my phone, but the lock prevented me from
doing so.“

Improved focus in the morning: The Gentle Wake feature of the prototype suggests
improved focus in the morning, and increased consistency in their routines. Additionally,
users found that the feature helped them avoid phone distractions and reduced stress
in the morning. One participant said “The Gentle Wake feature was a great addition
to my morning routine. I loved being able to focus on my healthy habits without being
distracted by my phone.“ However, some users found the waiting time frustrating and
the new routine challenging, as a participant said “I found it challenging to wait for 30
minutes before accessing my phone, especially when I had to check my emails or messages
urgently.“ Additionally, some users reported mixed feelings about the feature, highlighting
the need to consider individual differences in preferences and routines. One participant
reported “I found it challenging to adjust to the new routine and sometimes forgot to
unlock my phone for a longer period of time.“

Dual Nature of Meditation: The feedback from users regarding the Meditation
feature suggests that it has both positive and negative aspects. One participant said
“The guided meditation session was easy to follow and allowed me to clear my mind and
reduce stress.“ Additionally, some users reported that the feature gave their day a positive
start and helped them establish a positive mindset. However, some users found the
feature too soothing, repetitive, and with a monotone voice. One mentioned during the
interview “ The voice of the guided meditations was sometimes too soothing and put me
to sleep.“ Another one said “I found the voice guiding the meditation to be too robotic
and not soothing enough.“ The lack of notifications was also reported as a potential area
for improvement, as it could help users stay on track with their meditation goals.

Cheer List Delight and Reservations: For the Cheer List feature, users said that it
is simple and fun to create their own lists. “It was fun to create my own list of things that
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make me happy and then see them randomly pop up when I needed a little pick-me-up.
One challenge was trying to come up with enough cheers to make the list interesting, but
overall I found it to be a great tool for boosting my mood.“ However, there were some
mixed reviews, like “ The Cheer List feature was a bit too cheesy for me. I didn’t really
like the idea of having to write down things that make me happy and then rely on a
computer to suggest them to me. I would have preferred a more personalized approach, but
I can see how it might be useful for some people.“ Nonetheless, most users reported that
they loved the feature and found it to be a nice surprise when they selected a random
happy cheer.

Reported Changes in Usage Patterns: With screen time going down, participants
had more time for activities such as reading and spending time with family. Users
reported better decision-making skills, locking their phones for longer time stretches, and
experiencing more focus. The Gentle Wake feature had a huge impact on their morning
routines, resulting in them being less dependent on the phone and more aware of their
habits. One participant said “ I became more mindful of when and why I was using
my phone, which helped me make better decisions about how much time I spent on it“.
Another one reported “I definitely saw a change in my usage pattern during the last 7
days. Initially, I was using the Lock feature as a way to control my phone usage, but as I
got used to it, I found myself becoming more aware of my habits and making conscious
decisions to limit my phone time even when the Lock feature wasn’t on.“

Suggestions for Improvement: Users provided suggestions for future implementa-
tions, including a feature that offers healthy meal suggestions based on dietary restrictions
and preferences, providing recipes and grocery lists to make meal planning easier. Another
suggestion was a feature that helps set and track personal goals such as reading more
books, learning a new skill, or saving money. The participant said “I would like to see a
feature that helps users set and track goals for personal development. This could include
things like reading more, learning a new skill, or volunteering.“ Additionally, a feature
that recommends local outdoor activities based on a user’s interests and fitness level
would encourage people to get out and be active. Users also suggested a feature that
helps find and support local community events and initiatives, provides access to virtual
fitness classes or workouts, and connects users with local support groups for various
issues such as addiction recovery.

6.4.3 Design Recommendations

By implementing the following design recommendations, MBox can become more effective
in helping users maintain a healthy balance between their digital and real-life experiences:

o Improve user experience by providing greater flexibility in setting time limits and
incorporating customizable options.
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o Include an emergency unlock feature to address user concerns about being completely
locked out in urgent situations.

e Offer a variety of lock modes to accommodate different user preferences.

e Use gamification techniques to make setting time limits more engaging and encour-
age regular use of the feature.

e Provide visualizations or progress trackers to showcase user achievements and
encourage adherence to digital detox goals.

o Allow users to create a personalized wake-up routine.

o Allow users to select their favorite voices or soundscapes for a more immersive
meditation experience.

o Introduce interactive elements, such as user-generated content, to motivate users
to unplug from their devices.

¢ Implement sentiment analysis to suggest encouraging messages based on the user’s
mood or emotions, adding a personalized touch.

6.5 Conclusion

Our research focused on strategies to address growing concerns about excessive screen
time and mindless use of digital devices, while respecting user autonomy. To strike
a balance, we developed the "Mindful Box," a tangible opt-out approach designed to
mitigate problematic digital use while promoting healthier digital habits. The box was
carefully crafted based on insights from primary interviews and brainstorming sessions.
In addition to the lock feature, our prototype integrated other features such as gentle
wake-up support, meditation support, a cheer list for motivation, and water reminders
to provide a comprehensive solution. We evaluated the effectiveness of MBox in a
one-week in-the-wild study with seven participants. Our analysis showed that MBox,
particularly its lock feature, significantly reduced average screen time. Users praised its
effectiveness in combating distractions and recognized its potential to limit the use of
digital devices. Feedback on the gentle wake-up feature indicated improved morning
focus, improved routine consistency, and increased productivity. Participants reported
increased self-awareness of their usage patterns, leading to more mindful choices and a
daily intention to detox from technology by using the box’s locking feature. The physical
opt-out strategy proved effective and beneficial for all participants. They physically
engaged by setting the time, placing the device in the drawer, pushing it shut, and
clicking the lock. Participants reported that this physical interaction marked a moment
of focus and redirection of time and energy to other activities. The gentle wake and
meditation feature provided a valuable opportunity for participants to unwind, relax, and
enjoy a few extra moments of personal time, especially in the morning. In conclusion,
our work contributes to the ongoing exploration of digital detoxification strategies. By
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addressing the challenges of excessive screen time, MBox represents a promising solution
for promoting healthier digital habits. The design recommendations derived from user
feedback will inform future iterations of the prototype, improving its effectiveness and
user experience.

One promising avenue for future research is to enhance the locking feature by offering
a range of locking modes, such as selective app blocking or specific time frames, to
give users greater control and flexibility over their digital use. In addition, conducting
large-scale and longitudinal studies can shed light on the long-term effects of digital
detox interventions on individuals’ well-being and behavior. Furthermore, studying the
impact of digital detox on different age groups and demographics can provide valuable
insights for tailoring strategies to meet the unique needs and circumstances of different
populations.
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CHAPTER

Results and Discussion

The qualitative data collected in the user studies explained in previous chapters was
imported into a Miro board. Using thematic analysis |', we organized, rearranged, and
analyzed the data. The data includes notes, feedback from interviews or diary studies,
and observations. We put each piece of information on a sticky note on the digital board
and laid them out in a way that we could see all of them on the digital whiteboard to get
a clear overview of everything. We began to identify patterns and connections between
the notes, grouping similar notes together while keeping the three research questions in
mind. Once I had grouped the notes, we labeled the groups and listed the key findings
for each theme (refer to[7.1). This directly addressed the research question posed in the
introduction. After grouping, iterations, and adjustments were made by reshuffling the
data to fit a specific research question.

7.1 Findings on Autonomy, Competence, and Relatedness

We analyzed the data through the framework of self-determination theory, focusing on how
the systems we designed addressed the psychological needs of autonomy, competence, and
relatedness. This approach enabled us to identify design features that fulfilled these needs
and evaluate their impact on the overall user experience. As demonstrated by allowing
users to personalize settings gives them a sense of control, providing adaptive feedback
during skill-building tasks helps users grow, and incorporating social features such as
sharing progress with friends fosters a sense of connection and belonging. Below we answer
the research question - RQ1: How can digital companion systems be designed to
enhance autonomy, competence, and relatedness in user interactions?

Thttps://www.lyssna.com/blog/analyzing-and-synthesizing-ux-research/ — Accessed Dec 2024
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Figure 7.1: Snapshot of the Miro board illustrating the synthesis process, showcasing the
organization and grouping of data during analysis.

Reactive Systems

Autonomy: Participants appreciated the liberty to request assistance at their own
discretion, which fostered a sense of autonomy. Avoiding any interruption to their
natural workflow and enabling them to decide when to seek support autonomously avoids
feelings of intrusion and empowers users to maintain control over their interactions. As
shown by the Carbon Rebellion companion, participants demonstrated autonomy as most
independently navigated to solutions without external facilitation. As revealed by the
GIS Al companion, participants requested a mute button for voice output. Participants
wanted control, they wanted the ability to ask multiple questions or execute multiple
commands. Companion systems capable of adapting their responses in a reactive mode
based on user preferences, such as adjusting the level of detail or feedback modalities,
enhance the overall user experience. User convenience was enhanced by offering flexible
time limit settings, customizable options, and a variety of blocking modes to suit different
preferences, such as selective blocking for specific time periods, provided by the Mbox
companion.

Competence: When the companion provided feedback directly related to the user’s
current context and activity, participants felt the system understood their actions and
helped them improve at the task at hand, whether that was reducing smartphone
use or learning a new skill. When the user made an error, the companion offered
suggestions to improve or correct it, helping to reinforce learning without causing
overwhelm. When reactive companions provided step-by-step assistance in a structured
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7.1. Findings on Autonomy, Competence, and Relatedness

manner, participants felt supported in gradually building skills at their own pace. During
the 7-day intervention phase, the Mbox companion demonstrated its effectiveness through
a significant reduction in screentime, highlighting the success of the self-opt-out strategy.
Participants intentionally used the locking feature during focused activities such as
studying, cooking, social events, or other tasks, fostering more mindful behavior. To
enhance user engagement, providing visualizations or progress trackers can help showcase
achievements and support adherence to digital detoxing goals. As indicated by GIS
AT companion, designing the GUI to maximize the map area and preserving context
to enable seamless follow-up questions were identified as essential features to improve
usability. As demonstrated by the Carbon Rebellion companion, delivering information
in digestible, engaging chunks encouraged participants to think critically, understand the
issues, and take meaningful action. These findings highlight the importance of designing
companions that are contextual, supportive, and user-centered, empowering individuals
to build skills and adopt mindful behaviors.

Relatedness: When the companion system provided supportive and empathetic re-
sponses, especially on sensitive topics, participants felt a sense of understanding and
connection. As reflected in the Carbon Rebellion companion, which emphasized collective
action over individual contributions, participants recognized the measurable global impact
of small individual actions when adopted collectively by more people. When reactive com-
panion systems adapted their communication style to align with the user’s, participants
experienced a stronger sense of connectedness. As illustrated by the Mbox companion,
gamification techniques allowed participants to engage more with setting time limits and
using the feature regularly. Participants felt motivated to disengage from their devices.
Participants reported that sentiment analysis, which generated encouraging messages
based on their emotions, provided a personalized touch that effectively supported their
goals. GIS Al companions preserved conversational context by accessing past queries
to maintain continuity, and their natural language audio output, along with interactive
dialogue capabilities was well-received by users.

Proactive Systems

Autonomy: Allowing users to customize the level of proactivity is crucial, as some
may prefer frequent suggestions, while others may find them intrusive. As shown by the
Skillab companion, participants indicated no loss of agency when using EMS. Participants
reported retaining a sense of agency when using EMS. While the printable instructions
allow for customization by skipping or combining steps, the Skillab session itself does not
offer this flexibility. Some participants expressed a preference for having full control over
the process. Suggestions or recommendations should be proactively offered while giving
users the choice to accept or ignore them. As indicated by Professional Training in VR,
learners could engage at their own pace with repetition, fostering greater self-assurance and

reducing stress. Control emerged as a critical factor for the acceptance of the technology.

Participants emphasized the importance of being in command, expressing discomfort
with both the sensation and the perception of being controlled by the technology. For
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digital detox applications, context plays a crucial role in maintaining user autonomy.
Factors such as time of day or current activity can guide when to offer suggestions or
intervene, ensuring that users remain in control of their experience.

Competence: Proactively identifying opportunities for learning or improvement allows
the companion system to offer tips or resources in advance. As revealed by the Nudgeit
companion, there was a significant decrease in app openings, with the median dropping
from 8.8 to 5.2 times per day (Z = -2.023, p = 0.043). All three nudges helped participants
reduce their news consumption, and participants reported becoming more aware of their
daily app usage. They noted that the nudges made them conscious of their frequency and
time spent on the app, enabling them to set their own time limits and feel in control of
their usage. When patterns of behavior suggest a potential issue, the system can alert the
user or propose alternative actions. As illustrated by the Watchful Detox companion, the
sleep-tracking features were well received. Participants noted that this visibility enabled
more informed decisions about smartphone interactions, fostering a mindful approach
to app usage. By centralizing access to time and notifications, the watch decreased the
temptation to explore other phone apps, lowering prolonged screen engagement. For
apps with usage limits, there was a consistent reduction in usage across both passive
and active weeks. Scaffolding techniques should be tailored to align with the user’s
current skill level to ensure effective support. Participants consistently cited better focus
in VR environments due to the exclusion of external distractions. A strong sense of
presence, closely aligning the virtual environment with reality, was identified as critical
for user acceptance. While supervisory oversight remains essential, proficient users may
require less assistance. Diversifying training content across difficulty levels and adapting
it to different knowledge tiers is advisable, with expert collaboration crucial for content
development. Despite EMS’s potential to accelerate long and intensive learning processes,
its application for learning guitar was met with reservations, indicating that its acceptance
may vary based on task type and user expectations. As revealed by the Teleoperation
companion, the use of EMS, combined with auditory and haptic feedback, reduced
collision counts and shortened collision times. For Skillab, participants highlighted the
significance of muscle actuation techniques for performing unfamiliar movements critical
to the job. Some found EMS particularly helpful as a support system for entirely new
interactions. Despite EMS’s potential to accelerate learning processes, its application for
learning guitar was met with reservations, indicating that its acceptance may vary based
on task type and user expectations.

Relatedness: Companion promotes social engagement by suggesting connections with
other users to encourage interaction and shared experiences. As demonstrated by the
Nudgit companion, participants reported reading the news most often when bored or
during periods of free time with no planned activities. Many valued staying informed as
a way to engage in meaningful conversations within their social circles, while some noted
how specific news stories affected their overall well-being. The Interceptor feature, with
its quotes, inspired some participants to connect with others, such as calling someone after
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7.1. Findings on Autonomy, Competence, and Relatedness

seeing a prompt. As shown by trainers using VR technology, realism, novelty, and fun were
highlighted as key positives of VR training using companions, with trainees particularly
emphasizing the fun aspect. For Skillab, participants described the companion as someone
who "has your back," ensuring they were not left to complete tasks alone. Participants felt
that the companion was available through many channels through the use of multi-model
feedback, visual, audio, and tactile feedback.

Takeaways in Context of the Companion Technology

In this dissertation, autonomy is reinterpreted beyond traditional notions of user choice
or control to include contextual adaptation and self-imposed constraints. For example,
Nudgit allows users to opt in to subtle, content-aware nudges while reading news,
reinforcing autonomous decision-making without coercion. MapGPT supports autonomy
by allowing users to interact naturally through speech, allowing users to direct their own
exploration paths. With MapGPT Companion, simplifying complex GIS queries increased
user confidence, however, some experienced users found the conversational interface too
guided, demonstrating the need for skill support to adapt to user expertise levels. The
Mbox Companion reflects a novel form of autonomy, where users voluntarily externalize
control through a physical locking mechanism. This demonstrates that autonomy-
supportive design can include tools that users intentionally use to restrict themselves,
as long as the initiation and conditions remain user-driven. Autonomy is not a fixed
state, but a negotiated interaction between user intent and system responsiveness, often
modulated by the level of proactivity embedded in the system. While companion systems
like Mbox allowed users to initiate technology lockouts themselves, some participants
reported moments when their past choices (e.g., lockout duration) conflicted with their
current needs, highlighting a tension between initial autonomy and ongoing flexibility.
Competence is observed not simply as task completion, but as a felt sense of progress,
confidence, and self-efficacy enabled by system feedback and design scaffolding. In the
SkillLab Companion, AR overlays and EMS provide real-time, embodied feedback, making
skill development tangible. Similarly, the VR Training Companion supports self-directed
practice and progressive challenge exposure, enabling learners to build spatial memory and
decision-making skills in safety-critical domains such as healthcare. Even with MapGPT
companion, competence is fostered by reducing cognitive load, participants were able to
query complex temporal-spatial data without requiring expert knowledge of map interfaces
or query syntax. These companion artifacts demonstrate that competence can be fostered
through the reduction of barriers, the provision of timely scaffolding, and the ability
for users to experience tasks at their own pace. Relatedness, often underemphasized in
technical systems, is reimagined to include both machine-mediated emotional resonance
and social accountability through design. The Watchful Detox Companion, for example,
encourages reflective engagement with digital habits and introduces gentle reminders
tied to self-set intentions, cultivating a sense of being supported by the system in a
non-intrusive way. In addition, its wearable nature invites subtle social presence. The
Carbon Rebellion companion goes even further, using interactive narrative, humor, and
emotional design to position the user within a broader collective movement. By simulating
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the personal and systemic consequences of environmental decisions, it creates a sense of
belonging to a cause, expanding SDT’s notion of relatedness from interpersonal connection
to values-based alignment.

Using novel interaction modalities such as EMS and immersive AR/VR environments,
our work explores the tensions between autonomy and system-driven intervention. The
SkillLab and Watchful Detox companion systems demonstrate that 1) Autonomy can be
maintained even in physically directive environments if users retain control over entry/exit
and pacing. 2) Interventions must be designed to support rather than override user
intentions, even subtle nudges must be interpretable and reversible. The Teleoperation
Companion extends this discussion by addressing the shared control of tasks between
humans and machines in remote collaboration settings. By facilitating cooperative action
rather than rigid handoffs, the Teleoperation Companion exemplifies how autonomy
can be supported in dynamic, interdependent systems. We also emphasize emotionally
aware systems, like humor in Carbon Rebellion played a significant role in relational
bonding and psychological resonance suggesting the importance of affective modulation in
facilitating relatedness, an area not deeply explored in classical SDT. It promoted value-
based alignment, but some users reported emotional disengagement when the narrative
felt too abstract or "preachy. This suggests that relational resonance requires careful
emotional calibration. It is proposed that affective scaffolding-humor, encouragement,
validation can substitute for or complement human relationships in certain contexts.

7.2 Defining Characteristics of Companion Technologies

We began by categorizing user feedback into recurring themes, reflecting what fostered the
perception of companionship in technology. We focused on user-reported experiences (case-
specific insights) and selected quotes that reflected on companionship experiences with
the prototype, such as a participant describing the Watchful Detox Companion’s nudging
feature as "effective in breaking bad habits’, or another praising the Skillab Companion for
"preventing mistakes and making learning by doing more rewarding. " Similarly, the Carbon
Rebellion Companion’s humor element was highlighted by participants for "making the
content relatable and engaging despite its serious subject matter." In accordance with
our analysis, which addresses RQ2, the perception of a technology or an artifact as a
"companion” is characterized by the following features:

Always On, Always Available When Needed: A consistent and always-available
presence is one of the defining characteristics of companion technologies. These systems
are accessible and ready to assist users whenever needed, creating a sense of security
and reliability. Both proactive and reactive companions were appreciated by users for
their immediate availability. For example, in the Watchful Detox companion, where
participants wore the watch, one participant reported [ .../ Maybe just like being shown
how much you use your phone on a daily basis, which the watch facilitates - you’re
consciously thinking about it.
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Consistency in Task Assistance: Artifacts that are reliable are perceived as depend-
able companions. For instance, in the obstacle avoidance study, users appreciated the
teleoperation companion, which employs EMS for haptic feedback to prevent collisions.
It not only reduced collisions but also shortened their collision duration. One participant
reported “But if it tells you OK, you have to do something, then you are more efficient
with separating the tasks.”

Providing Support Without Overstepping: Providing appropriate levels of assis-
tance without overstepping is key to the artifact being liked as a buddy/companion. The
Nudgeit companion, for example, offered a content filtering option that allowed users to
customize what they wanted to see and the companion to not overstep and automatically
decide what the user should not see, which worked well for the user. One participant
reported "I realized that hiding news from Ukraine and Russia doesn’t affect my life badly.
Before that, it was influenced by negativity and bad vibes."

Understanding and Responding to User Context: Context-aware functionality is
crucial for a companion system to behave intuitively and provide relevant, timely support,
which in turn leads to the perception of a companion that understands everything the
user is doing and responds appropriately. The Skillab Companion, for example, gave users
the impression of being supported and understood, preventing mistakes, and fostering
confidence during task completion. One participant remarked: "It prevents doing some
mistakes and also you have this Learning by Doing and getting rewards feeling."

Attentive Multi-modal Support: A system that responds promptly and appropriately
to user actions using multiple modalities gives the impression of attentiveness and
understanding, fostering a sense of collaboration and support. This sense of collaboration
is described by a participant as 'the system having their back’, when interacting with
Skillab companion. The Skillab Companion’s step-by-step guidance and interactive
features, like Vumark scanning, were described as engaging and game-like, enhancing the
overall experience for participants. For Skillab companion, one participant said "It was
more like playing games than actually doing work."

Sense of Shared Purpose: Artifacts that guide users toward achieving personal goals
foster a sense of shared purpose. This also gives users the perception that the system
is on their side, working collaboratively as part of their team. The Watchful Detox
Companion, for instance, encouraged users to improve their habits by leveraging features
like heart rate monitoring and sleep tracking. One participant described it as "having a
goal to live up to.

Fulfilling Roles Beyond Utility: To be seen as more than a tool, a companion must
assume roles like teacher, mentor, or caregiver. For example, the Nudgit companion
concealed negative content, fostering well-being, while the Watchful Detox Companion
assisted users in monitoring screen time, showcasing the breadth of roles companions
can fulfill. For the Medical Trolley training companion, for example, the participants
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indicated that they perceived the companion to be akin to a virtual mentor. A participant
said "The repetition makes it totally memorable. It’s really not the real world, but very
close. You are not afraid of making mistakes, trying things out, and training.”

Supporting User Well-Being Through Interaction: Artifacts that address social
and emotional needs enhance the well-being of the user and have been reported to be
‘companions that look after the user’. Apart from the lock Feature helps avoid distractions
using the Mbox Companion, suggestions from participants included features for meal
planning, goal setting, and personal development tracking, showing how interaction
supports balance and emotional connection. One participant said “The guided meditation
session was easy to follow and allowed me to clear my mind and reduce stress.

Fostering Relatedness Through Interaction: Artifacts that create engaging connec-
tions become valuable resources for users. For instance, the Carbon Rebellion narrative
emphasized collective action, resonating with users who valued the broader impact of
their decisions. A participant highlighted, "Even if the system is much bigger than you,
it still matters what you do because if everyone does it, it has an impact. Both sides [of
climate change] are shown [in the narrative/, not just one side or the other."

Meaningful Exchange: Collaborative task completion and meaningful exchanges
foster partnership, which leads to the perception of having a companion. For example,
professional training in VR connected theoretical and practical knowledge, helping users
gain confidence in real-world scenarios. For example, when it came to the usability of
MapGpt Companion, our participants reported that it was helpful, but beyond just
being helpful and getting the job done, they also appreciated the human-like voice-based
interaction. One participant said ‘cool application! works actually really well,’, another
even went so far as to say ‘natural voice is better than Google Translate’.

Sense of Humor: Humor can be an effective tool for engagement. in the case of the
Twist, with the Carbon Rebellion, all participants exhibited a uniform response in the
form of either a muted chuckle or a smile. This demonstrates that humor plays a role
in engaging and amusing people. Addressing that, one participant said that "even if
everyone in continent became green fanatics, as long as the politicians don’t change,
nothing big is going to happen’.

Support for Personal Reflection: Artifacts that encouraged and facilitated reflection,
whether on a topic such as climate change or on their own smartphone use, were seen as
helpful. For example, for Watchful detox companion, one participant reported And what
was more a statistic that made me see how many times I used to unlock my phone, which
I didn’t expect at all. It was like 100 times or more. And that’s a problem at least in my
eyes. And yeah, I think the app does a good job of displaying all the statistics really well.
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7.3 Guidelines Summerized

The guidelines were derived from a meta-analysis of the synthesized data collected
through empirical research on both proactive and reactive systems. The guidelines
were formatted in line with best practices in usability and interaction design, ensuring
clarity, actionability, and user-centered principles. These guidelines are important for
researchers, user experience (UX) designers, behavioral psychologists, educational and
training professionals, and software developers and engineers. Researchers and academics
can use these findings to explore user interaction patterns, psychological needs, and the
effectiveness of companion systems. User experience designers can and should apply these
insights to craft user-centered designs that enhance users’ autonomy, competence, and
relatedness. Behavioral psychologists will find these results valuable for understanding
how companion systems influence emotional responses and promote well-being, as well
as for integrating psychological principles into system design. Educational and training
professionals can use these companion systems to develop skills, encourage self-directed
learning, and boost user motivation in educational settings. Software developers and
engineers can use these insights to create and implement technical features that align
with the identified design principles, such as adaptive responses, multi-modal feedback,
and customization options, ensuring that companion technologies are both effective and
engaging. We address RQ3, “Which guidelines can be derived for the design
and development of companion technologies to ensure alignment with user
psychological needs?”, by formulating the following guidelines:

User Autonomy and Control: These guidelines focus on empowering users to make
decisions and maintain control over the interaction.

e Ensure users have clear control over all operations while interacting with the
companion, including the ability to seamlessly start, stop, and modify functions.

e The companion should assist the user in making decisions by providing cognitive
support such as memory aids, task organization tools, and reminders, and not make
a decision on behalf of the user.

Personalization and Adaptability: These guidelines emphasize aligning the system’s
behavior with individual user needs, preferences, and capabilities.

e Align the companion’s functionality with the user’s routines and timeframes to suit
their schedules and preferences.

o Assess users’ competence levels and provide tailored assistance or challenges that
match their abilities.

e Ensure the companion system’s presence feels unobtrusive, whether as wearable
tech, mobile apps, or voice-activated systems, prioritizing user comfort.
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Collaborative and Relational Design: These guidelines aim to create a sense of
partnership and connection between the user and the system.

e Design the companion system to act as a facilitative assistant rather than an
authoritative figure.

o Foster a sense of shared goals, positioning the companion as a collaborator helping
users improve and succeed.

¢ The companion must respond appropriately to user emotions to enhance the sense
of connection and relatability with the system.

e The companion should foster peer-to-peer interaction and incorporate opportunities
for users to connect with others who share similar interests or objectives.

Cognitive and Emotional Support: These guidelines highlight the importance of
reducing cognitive load and supporting users emotionally and mentally.

e The companion should reveal information progressively to reduce cognitive load
and help users manage complex tasks more effectively.

e The companion should provide immediate, contextually relevant feedback to demon-
strate attentiveness to user actions.

¢ The companion should encourage positive behaviors, such as active living, healthy
habits, and mindfulness, through thoughtfully designed interactions and reinforce-
ment techniques.

7.4 Discussion

The Bhagavad Gita is an example of how companionship transcends mere functionality
and embodies principles of trust, guidance, and mutual support. Krishna’s role as Ar-
juna’s charioteer not only provided strategic and spiritual guidance but also exemplified
a form of companionship rooted in empowering individuals while respecting their au-
tonomy and emotional state. This perspective is consistent with contemporary theories
in HCI that advocate designing technologies that address not only functional needs,
but also psychological and emotional dimensions [DRO8, [HDG10]. Previous research
has highlighted the gap in developing technologies that address psychological needs,
often focusing solely on functionality [HDGI10]. Our work showcases that companion
technologies that prioritize psychological needs drive deeper engagement and satisfaction.
Proactive companions, such as the VR Training System and the SkillLab AR, companion,
effectively increase competency by enabling skill acquisition in safe, immersive environ-
ments. These findings are consistent with previous work showing VR and AR’s value
for structured learning [GGBZ21], [TPBT17]. In addition, the integration of collaborative
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7.4. Discussion

features in these systems supported relatedness, echoing Laschke et al’s (2020) [LBNH20]
emphasis on designing for teamwork and professional satisfaction. Reactive systems, such
as the Mbox, fostered autonomy by allowing users to define their engagement parameters,
supporting findings from previous studies [BZSP19]. However, while reactive systems
excelled at providing user control, their potential to foster competence and connectedness
was more limited compared to proactive counterparts. Proactive and reactive companions
each offer distinct strengths and challenges. Proactive systems have been shown to excel
in anticipating user needs and providing timely assistance. For example, the MapGPT
companion preemptively offered suggestions tailored to user queries, reducing cognitive
load, thereby aligning with the findings of prior research conducted by Garcia et al. (2020)
[GDSM20]. However, overly proactive systems can seem too much like they’re controlling
users [YSSMM12|. Reactive companions, on the other hand, prioritize user control and
customization. The Mbox exemplified this by enabling users to define their own locking
and usage parameters, fostering a sense of autonomy. However, its reactive nature limited
its ability to dynamically adapt to evolving user needs, which could constrain its overall
effectiveness. When comparing the two approaches, the integration of both proactive
and reactive elements appears most effective. This pattern is consistent with findings in
psychological needs research, in particular the distinction between externally imposed
structure and internally chosen constraints [RD0O0, SEKKO0I]. Systems like the Mbox
provide users with a sense of willful control through the intentional setting of constraints,
which is consistent with SDT’s nuanced view of autonomy, not as absolute freedom, but as
self-supported action. This echoes the idea put forward by Hassenzahl that good
design should facilitate the user’s experience by supporting meaningful, self-congruent
goals.

Also, the interaction modalities of companion systems have a significant impact on the
user experience. Previous research emphasized the importance of multi-modal input and
output ﬂm Our case studies reinforced this, showing that systems that incorporate
multiple modalities, such as visual, auditory, and haptic feedback, are more engaging and
effective. For example, the VR training companion used immersive visual and interactive
elements to improve spatial orientation and procedural skills, building on the findings
of Schrom-Feiertag et al. (2017) [SESS17]. Similarly, the SkillLab AR Companion’s use
of EMS for haptic feedback provided a novel modality that addressed the limitations
of tactile experiences identified by Makransky et al. (2019) [MBGM19]. However, the
integration of EMS also highlighted potential trade-offs with user autonomy that will
need to be carefully considered in future designs. This tension has been similarly noted in
previous literature on adaptive assistive systems, particularly in the context of physical
interfaces where system initiative can compromise perceived user control [PK12]. In the
case of the Teleoperation Companion, we found that shared control models, where the
system gently physically nudges the users, and the users could fluidly negotiate agency
with the system, helped maintain perceived autonomy while still providing guidance.
This is consistent with findings from Petrick and Foster’s bartender robot studies [PF13],
where multimodal interactions improved perceived cooperativeness and usability.
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The tactile interface of the Mbox and the natural language processing capabilities
of the MapGPT companion demonstrated the value of context-sensitive interactions.
However, challenges in real-world scenarios, such as environmental noise affecting voice
commands, highlighted the need for robust context awareness. These findings align
with prior research [SGMO7] on the complexities of multi-modal fusion. This research
highlights the dual challenge of addressing the pragmatic and experiential dimensions
of technology companionship. While pragmatic aspects focus on the efficiency and
functionality of systems, experiential dimensions aim to cultivate deeper emotional and
relational connections. Integrating these dimensions requires careful balance, as overly
functional systems risk being perceived as impersonal, while overly relational systems
may fail to deliver the expected benefits. This balance is reflected in the psychological
design strategies discussed by Laschke et al. (2020) [LBNH20] and Burmester et al.
(2019) [BZSP19], both of which argue for designing for meaningful experiences that
enhance well-being while not overwhelming users with unnecessary complexity or impact.
Watchful Detox used wearable feedback to increase awareness without overwhelming
the user, reflecting SDT principles of autonomy-supportive scaffolding [DR13]. In our
studies, we also observed that need satisfaction is not static. It is dynamic, contextual,
and shaped by modality, task, and timing. For example, MapGPT initially supported
competence by simplifying search complexity, but some advanced users felt constrained
by its oversimplification-highlighting a need for adaptive complexity, as suggested by
Peters et al. (2014) [PHWHI4]. Overall, this dissertation offers a companion technology
specific perspective on SDT. Across the companion artifacts, these psychological needs
were supported in different ways depending on the role, modality, and level of proactivity
of the companion. This work contributes to a more nuanced understanding of how
companion technologies can be designed to respond to users’ changing needs and contexts,
complementing existing SDT-informed approaches in HCI.
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CHAPTER

Conclusion

The dissertation explores how SDT can inform the design and development of companion
technologies. By addressing the psychological needs of autonomy, competence, and
relatedness, it aims to enhance user interactions and foster meaningful engagement.
The research investigates three primary questions: how digital companion systems can
be designed to support autonomy, foster competence, and promote relatedness in user
interactions; what the defining characteristics are that enable individuals to perceive
technology as a "companion'; and what guidelines can be derived for designing technologies
that align with user psychological needs. To answer these questions, the dissertation
employs a mixed-methods approach, integrating qualitative and quantitative methods.
All case studies are presented, examining proactive and reactive companions in different
contexts. The systems utilize diverse interaction modalities, such as haptic, visual, and
auditory feedback, to address user needs effectively. The presented case studies illustrate
how carefully designed technologies can transcend mere functionality, fostering engaging
and supportive experiences that serve as companions to the user.

Proactive companions anticipate user needs and act autonomously. These companion
systems were shown to: a) enhance autonomy by offering flexible options for users to
interact at their own pace; b) build competence by providing structured, repeatable
training sessions that help users master tasks; c) foster relatedness by integrating collab-
orative features that encourage them to get in touch with their peers and offer feedback
that feels empathetic and supportive. For instance, the VR training system enabled
participants to practice high-risk tasks in a safe environment, such as medical proce-
dures and electrical work, which helped reduce anxiety while increasing confidence and
skill proficiency. Reactive companions respond to user-initiated actions, tailoring their
behavior to specific inputs. Key findings highlight that: a) autonomy is supported by
allowing users to control reactive systems, such as enabling or disabling features when
needed; b) competence is reinforced through context-sensitive feedback that helps users
improve their performance over time; c¢) relatedness is fostered by providing empathetic
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responses and personalization, making users feel understood and valued. Additionally, it
demonstrated the potential impact of collective action and encouraged participation in a
community-driven initiative. These reactive systems addressed practical challenges, such
as reducing screen time, and improving task focus, demonstrating their alignment with
SDT principles.

The dissertation offers practical guidelines for the design of companion technologies.
These guidelines emphasize enabling users to maintain autonomy by providing clear
controls for starting, stopping, and modifying system functions; supporting competence
through tailored feedback, progressive learning techniques, and scaffolding to match skill
levels; fostering relatedness by designing systems that are empathetic, socially aware, and
capable of encouraging meaningful connections; balancing proactive and reactive behaviors
to ensure systems are neither intrusive nor overly passive; and ensuring the systems are
unobtrusive, intuitive, and adaptable to individual user needs and preferences. These
guidelines are actionable and provide a strong foundation for developing technologies
that engage users while promoting intrinsic motivation and well-being.

Future Work: The findings of this dissertation provide a foundation for further investi-
gation in several areas. First, it is imperative to conduct long-term studies to examine
the evolution of user relationships with these companion technologies over time. A deeper
understanding of the lifecycle of these relationships, including potential shifts in user trust,
reliance, and expectations, will provide insights into how to sustain user engagement.
Secondly, the application of companion technologies in domains such as personalized
healthcare, remote work collaboration, and creative industries may yield novel use cases.
For example, healthcare companions could assist in managing chronic conditions by
offering tailored guidance, while creative industry companions could support artistic
workflows by providing real-time feedback and inspiration. Another crucial area for
future research is the integration of Al capabilities, such as real-time emotion recognition
and natural language processing, with the objective of enhancing personalization and
responsiveness. However, as companion systems become increasingly autonomous, it is
imperative that ethical considerations around data privacy, user agency, and transparency
be addressed with the utmost rigor. It is of the utmost importance that companions are
designed in a manner that respects user boundaries and provides clear explanations of
their behaviors. It is imperative that companion technologies be inclusive and adaptable
to disparate cultural contexts, thereby ensuring that they meet the psychological needs
of users across the globe. Finally, future research could investigate the development of
hybrid systems that integrate proactive and reactive elements in a dynamic manner,
adapting their behavior based on user preferences and situational demands. Such hybrid
assistants have the potential to transform interaction design by creating systems that
truly embody a collaborative and supportive approach, dynamically adjusting their level
of initiative to provide timely assistance when needed while maintaining user control
based on contextual signals such as task complexity, user state, or preference history.
For example, a system could remain in a reactive state during routine interactions, but
switch to a proactive mode when a user shows signs of stress, inattention, or hesitation,
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similar to the adaptive strategies seen in assistive robotics or intelligent tutoring systems.
This adaptability would allow systems to calibrate their presence in a way that feels
both supportive and unobtrusive. Future research could explore how users perceive
this flexibility, how transitions between modes affect trust and usability, and how such
systems perform in domains where task demands fluctuate, such as creative workflows,
or assistive healthcare.
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APPENDIX

Supporting Documents

A.1 Example Interview Guide - Watchful Detox
Companion

We appreciate you took the time to participate in our study.

Regarding your overall experience with our digital detoxification prototype, we have a
few questions for you. As always, there is nothing you can do wrong! There are no right
or wrong responses! We’re interested in learning about your personal experience.

We’re going to record our conversation with your consent. We will only utilize the
recording to understand better what we can learn from your experience and how to make
the prototype even better in the future.

1. Which features of the app did you like the most? Why?
2. Which features were most useful for you? How?

3. Which features of the app you did not like? Why?

4. How did your usage pattern change over time during the last 14 days? Why? What
was the difference between the first and the second week?

5. Let’s begin and briefly talk about the different features of the prototype:

o Alarm setting and notification (if not already discussed before)

— Overall impressions

— Challenges

— Likes and dislikes

— Changes they recommend as per their usage
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Usage statistics (if not already discussed before):

— Opverall impressions

— Challenges

— Likes and dislikes

— Changes they recommend as per their usage

o Health data (if not already discussed before):

— Opverall impressions

— Challenges

— Likes and dislikes

— Changes they recommend as per their usage

o How did the usage of the app differ between the smartphone and smartwatch?

e Is there any other feature you think we should implement in the future based
on your experience?

¢ Did anything out of the ordinary occur during last week that would not reflect
day-to-day behaviour? (e.g., travelling, vacation, stress at work or exams)

o All that’s left for me to say is once more, thank you for taking part! We hope
we were able to raise your awareness of your smartphone use.

A.2 Example Consent Form - Skillab Companion

Project Title:

Skillab - an immersive guide for crafts on the example of floor lamination

Background:

The aim of the study is to understand how an immersive augmented reality environment
incorporating muscle actuation technology can aid in completing and learning craftwork
skills. The craftwork you are going to learn will be laminating the floor.

Procedure:

After handing you the step-by-step floor installation guide and providing you with the
material and needed tools, you will laminate the floor with the help of the guide. This
guide will walk you through each stage of the process.

When finished, you will be asked to repeat the laminating in a second round without
a guide. Finally, you will be asked follow-up questions about your thoughts on the
technology and your entire experience.

After you fill out the consent form, you will be given much more information about the
study.
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A.2. Example Consent Form - Skillab Companion

Duration:

Your participation will not take more than 1 hour.

Primary Investigators:

o Florian Michahelles Mobile: xxx, Email: xxx.xx
e Ambika Shahu Mobile: xxx, Email: xxx.xx

Consent:

I consent to and understand the following;:

Statement

Yes

Share images, text, audios, and videos where applicable during
the study with the investigators of this study.

Video and audio are captured.

The data provided during the study and the recordings may
be used by the investigators of this project for related future
work and publications.

By signing this consent form, I also confirm that:

o I do not wear a pacemaker.

I do not suffer from any heart problems.

e I do not carry any metallic implants.
e I do not suffer from epilepsy.

e I am not pregnant.

Please fill out the following:

Name:

Gender:

Your age:

Your email:

Your signature: Date:
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A.3 Use of AI Tools

This dissertation does not contain any content that was entirely generated by Al. However,
AT tools, namely ChatGPT and DeepL, were utilized to support specific aspects of the
writing and formatting process. These tools were used to rewrite certain sentences,
correct grammar, and generate LaTeX code to format images and tables. The use of these
tools was limited to improving clarity, coherence, and presentation, while the research,
analysis, and substantive content remain entirely the original work.
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