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Abstract

The transition from Industry 4.0 to Industry 5.0 marks a fundamental shift in
how industrial systems are conceived: from technology-centered automation toward
a more human-centered vision of production. Within this evolving landscape,
Human-Robot Collaboration (HRC) has emerged as a key paradigm, enabling
humans and collaborative robots (cobots) to work side by side in shared workspaces.
Yet, even when robotic support is available, assembly tasks often remain cognitively
demanding, repetitive, and prone to errors. The human experience within these
systems therefore becomes just as important as technical performance.

In this context, gamification, understood as the meaningful integration of game
design elements into non-game environments, offers a promising direction. Rather
than focusing solely on productivity, gamification has the potential to enhance
engagement, sustain attention, and improve the overall quality of interaction
between human operators and digital systems. While widely explored in education
and training, its application in real-time industrial assembly tasks remains largely
underdeveloped.

This thesis investigates how a gamified Mixed Reality (MR) interface can
support Human-Robot Collaboration during a collaborative assembly process. Using
Microsoft HoloLens 2, a gamified AR experience was designed and implemented
in a case study involving the collaborative assembly of a skateboard. The cobot
provided physical assistance during specific steps, while the operator received
step-by-step guidance enriched with gamified elements such as progress indicators,
auditory feedback, narrative cues, and milestone acknowledgements.

The work adopts a preliminary experimental approach aimed at exploring the
feasibility and potential effects of such an interface. Performance metrics (assembly
time and error distribution) were collected alongside subjective measures, including
NASA-TLX for workload, SAM for emotional response, GEQ for engagement, and
a cybersickness questionnaire. The results, although derived from a limited sample
size, suggest consistent positive trends: improved engagement, reduced perceived
monotony, stable or reduced error rates, and no significant increase in workload or
discomfort.

As a preliminary study, the findings do not aim to provide definitive statistical
validation, but rather to offer initial empirical insights and design considerations for
future research. The thesis contributes both conceptually and practically: concep-
tually, by positioning gamification within the human-centric framework of Industry
5.0; practically, by demonstrating how immersive and gameful interfaces can be
integrated into collaborative assembly environments to enhance both performance
and operator experience.



Ultimately, this work suggests that when carefully designed, gamification in
Human-Robot Collaboration is not about turning work into a game, but about
making collaboration clearer, more engaging, and more aligned with human needs.
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Chapter 1
Introduction

Industrial systems are currently experiencing a deep and meaningful transformation.
Over the past decade, Industry 4.0 has driven this change by emphasizing digitaliza-
tion, connectivity, and automation. Smart factories, cyber—physical systems, and
advanced robotics have reshaped the way products are conceived, manufactured,
and delivered. However, as these technologies matured, it became increasingly clear
that efficiency and automation alone are not enough. Production systems must
also be sustainable, resilient, and, above all, centered around the human being.

This awareness has led to the emergence of Industry 5.0, a paradigm that
does not reject technological progress but reframes it. Rather than focusing
solely on automation, Industry 5.0 emphasizes the integration of human creativity,
adaptability, and well-being within highly digitalized environments. In this vision,
technology is not meant to replace humans, but to support and empower them.

Within this transition, Human—Robot Collaboration (HRC) has become one
of the most tangible expressions of this new philosophy. Collaborative robots,
or cobots, are designed to share the workspace with humans, assisting them in
repetitive, complex, or ergonomically demanding tasks. Unlike traditional industrial
robots, confined behind safety cages, cobots are built to operate side by side with
operators. This proximity creates new possibilities for flexible production, but
also introduces important challenges. Safety must be guaranteed, trust must be
built, and operator workload must be carefully managed. If interaction is poorly
designed, the promised benefits of collaboration can quickly turn into frustration,
inefficiency, or even risk.

Assembly processes represent a particularly meaningful context in which to
explore these dynamics. Even in semi-automated environments, assembly often
requires fine motor skills, sustained attention, and continuous adjustments. Opera-
tors may experience cognitive overload, physical strain, or monotony, factors that
can negatively affect both performance and well-being. While a cobot can provide
physical support, such as holding or positioning components, the human operator
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Introduction

remains responsible for decision-making and precision. For this reason, the way
instructions and feedback are delivered becomes crucial, not only for task accuracy
but also for the overall experience of collaboration.

In recent years, gamification has emerged as a promising approach to enhance
engagement and motivation. In fields such as education, health, and training,
gamification has demonstrated its ability to sustain attention, increase involvement,
and improve learning outcomes. In industrial production, however, its application
remains relatively unexplored, particularly in real-time operational settings. Impor-
tantly, gamification in this context cannot be reduced to superficial mechanisms
such as points or rewards. Instead, it must be thoughtfully designed to provide
meaningful feedback, clarify goals, and reinforce the operator’s sense of progress
and competence.

When combined with immersive technologies such as Augmented Reality (AR),
the potential of gamification becomes even more compelling. Devices like Microsoft
HoloLens allow digital content to be seamlessly overlaid onto the physical workspace,
guiding operators step by step without interrupting their actions. Through progress
indicators, contextual messages, auditory cues, and milestone acknowledgments,
gamified elements can be embedded directly into the workflow. In this way,
AR-based gamification has the potential to reduce errors, sustain attention, and
transform routine assembly tasks into more structured and engaging experiences.

This thesis builds upon these converging developments by investigating how
a gamified AR interface can be integrated into a Human-Robot Collaboration
scenario. The experimental case study focuses on the collaborative assembly of a
skateboard, selected as a task that is manageable within an academic environment
yet sufficiently structured to reflect real industrial assembly logic. During the
process, the cobot provides physical assistance, such as delivering or stabilizing
components, while the human operator performs the assembly steps guided by the
gamified interface through HoloLens. Visual feedback, confirmations, narrative
elements, and performance cues are integrated into the system to explore their
impact on the collaborative experience.

The contribution of this work is twofold. From a theoretical perspective, it
positions gamification within the broader ethical, ergonomic, and organizational
framework of Industry 5.0, discussing both its opportunities and its limitations
in collaborative assembly contexts. From a practical perspective, it presents
the design, implementation, and preliminary evaluation of an AR-based gamified
interface for HRC. As a preliminary study, the objective is not to provide definitive
statistical conclusions, but rather to generate initial empirical insights and design
considerations for future research and industrial applications.

Ultimately, this research aims to explore how advanced robotics and immersive
technologies can be aligned with human needs. By balancing technological innova-
tion with attention to trust, engagement, workload, and psychological safety, this
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thesis seeks to contribute to the development of collaborative systems that are not
only efficient, but also meaningful and sustainable for the people who work within
them.

The remainder of the thesis is organized as follows. The first chapters establish
the theoretical background, addressing Industry 5.0, Human—Robot Collaboration,
assembly complexity, operator state, and gamification frameworks. The second part
presents the experimental study, detailing the design of the gamified AR interface,
its implementation in the skateboard assembly task, and the evaluation of its effects.
The final chapter discusses the results, limitations, and future directions of this
research.



Chapter 2

Industry 5.0

2.1 From Industry 4.0 to Industry 5.0

Industry 3.0
Computerization

Industry 4.0 Industry 5.0
Computerization Computerization,

& Digitization &

Digitization Humanization

L= =é
L] T

Figure 2.1: Industry 3.0, industry 4.0 and industry 5.0 [1]

The concept of Industry 4.0 was first introduced in Germany in 2011 as part of
the High-Tech Strategy initiative, designed to enhance the competitiveness of the
manufacturing sector [2]. It has since been described as the “fourth industrial revo-
lution,” following mechanization (Industry 1.0), mass production and electrification
(Industry 2.0), and the digital revolution (Industry 3.0) [3]. Unlike the previous
stages, Industry 4.0 is distinctive for its convergence of digital and physical systems
enabled by advances in automation, data exchange, and connectivity.
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At its core, Industry 4.0 relies on the integration of cyber-physical systems (CPS),
the Internet of Things (IoT), big data analytics, artificial intelligence (AI), cloud
computing, and advanced robotics. These technologies enable machines, products,
and humans to be interconnected in real time, creating networks of “smart factories”
that are adaptive, efficient, and data-driven. The underlying vision is that of a
production environment where assets are digitized and interconnected, decision-
making is increasingly automated, and mass customization becomes possible without
compromising efficiency [4].

The key principles of Industry 4.0 are often summarized in four dimensions. The
first is interoperability, i.e. the ability of machines, devices, sensors, and humans
to communicate via IoT and standardized protocols. The second is information
transparency, supported by digital twins and real-time monitoring. The third is
decentralized decision-making, where CPS are able to make autonomous decisions
within defined parameters. Finally, technical assistance refers to intelligent systems
that support humans in decision-making and problem-solving.

These principles have brought tangible benefits to industrial practice. Predictive
maintenance strategies have reduced downtime, real-time analytics has improved
process control, and flexible production has enabled firms to respond more quickly
to changing demands. Advanced robotics has been particularly effective in au-
tomating repetitive or hazardous operations, thereby increasing both productivity
and consistency [5].

Nonetheless, after more than a decade of implementation, the limitations of
Industry 4.0 have become evident. The paradigm has often been criticized for being
overly technology-centric, sometimes neglecting the role of the human worker. In
many cases, humans have been treated primarily as sources of error or variables
to be managed, raising concerns about job displacement, deskilling, and loss of
autonomy. Moreover, the complexity of digitalized systems can increase cognitive
load, particularly when human-machine interfaces are poorly designed. Beyond
these issues, the emphasis on efficiency and automation has also been challenged by
broader societal imperatives such as sustainability, resilience, and social inclusion.

In this context, the emerging notion of Industry 5.0 rebalances the equation.
Championed by the European Commission (2021), Industry 5.0 places humans
back at the center of industrial systems. While Industry 4.0 primarily focused
on technological optimization, Industry 5.0 emphasizes sustainability, resilience,
and human-centricity. Sustainability refers to minimizing environmental impacts,
supporting circular economy models, and leveraging technology for energy efficiency.
Resilience reflects the ability of systems to withstand and adapt to shocks, such
as global supply chain disruptions or pandemics. Human-centricity stresses that
technology should complement human skills like creativity, adaptability, and critical
thinking rather than attempt to replace them.

This transition does not negate the technological advances of Industry 4.0 but

5



Industry 5.0

reframes their purpose. The challenge for Industry 5.0 is not simply to create
smarter machines, but to build more meaningful interactions between humans
and machines. Human-Robot Collaboration (HRC) is a key enabler of this shift.
Cobots, designed to operate safely in close proximity to humans, embody the
principle of complementarity: robots take on strength, repetition, and accuracy,
while humans contribute flexibility, problem-solving, and innovation.

Assembly operations are a particularly relevant domain to illustrate this tran-
sition. Such tasks are sequential, demand precision, and are prone to errors that
can compromise product quality. They are also cognitively demanding and er-
gonomically taxing for workers. In these contexts, even modest improvements in
clarity of instructions, feedback, or error prevention can significantly enhance both
productivity and well-being. This is precisely where gamification and augmented
reality (AR) interfaces can play a role: by sustaining operator engagement, guiding
attention, and reinforcing correct actions, they exemplify how Industry 5.0 can
combine efficiency with human-centered design.

In summary, the movement from Industry 4.0 to Industry 5.0 represents more
than a terminological change: it reflects a shift in priorities from purely technological
optimization to a balanced integration of human, societal, and environmental
dimensions. Industry 5.0 emphasizes that automation and digitalization should not
marginalize workers but should empower them, creating industrial systems that
are both productive and sustainable. Within this framework, HRC supported by
AR and gamification stands as a concrete example of how emerging technologies
can realize the human-centric vision of Industry 5.0.

2.2 Problem statements and objectives

While Industry 4.0 has provided unprecedented advances in automation, digitaliza-
tion, and robotics, assembly tasks continue to pose persistent challenges. Even in
highly digitalized factories, many operations require human involvement, particu-
larly when tasks demand dexterity, problem-solving, and adaptability. Assembly
processes, in particular, combine repetitive manual actions with the need for preci-
sion and attention to detail. For operators, this often translates into significant
cognitive and physical workload, which can lead to fatigue, errors, and reduced
productivity. Collaborative robots (cobots) have been introduced to mitigate some
of these burdens, taking over repetitive or heavy tasks while allowing humans to
focus on value-added activities.

However, the integration of cobots into assembly environments introduces new
complexities. Although cobots can physically support workers for example by
holding components, positioning parts, or executing repetitive sub-tasks, the success
of collaboration depends heavily on the quality of the human-machine interface.
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Poorly designed interaction can increase, rather than decrease, operator workload,
resulting in frustration, loss of trust, or safety risks. Current HRC solutions are
often criticized for being technology-centric, with insufficient attention to human
factors such as clarity of instructions, feedback, and engagement [6].

This issue is further amplified by the limitations of Industry 4.0. Although the
paradigm has enabled smart factories and autonomous decision-making, it has
tended to emphasize efficiency and automation at the expense of human experience.
Operators have frequently been treated as residual actors or sources of error, rather
than as central contributors to the system [7]. As a result, there is a pressing
need for solutions that do not merely automate assembly but actively support the
human operator in performing the task more effectively and meaningfully.

Against this backdrop, the emerging vision of Industry 5.0 provides a more
suitable framework. Industry 5.0 stresses the importance of human-centricity,
resilience, and sustainability, as shown in Figure 2.2. It highlights the need for
production systems that empower workers rather than marginalize them, leveraging
their creativity and adaptability while supporting them with advanced technologies.
To realize this vision, the interaction between humans and robots must go beyond
physical collaboration: it must also address cognitive, emotional, and experiential
dimensions.

One promising approach is gamification, the use of game design elements in non-
game contexts. Gamification has been shown to improve engagement, motivation,
and attention across various domains, including education, health, and training.
In industrial contexts, gamification can be harnessed not as a superficial incentive
system, but as a means of structuring interaction, guiding attention, and providing
meaningful feedback during tasks. When integrated into immersive technologies
such as Augmented Reality (AR), gamification can become a powerful enabler of
human-robot collaboration. By overlaying digital instructions, progress indicators,
and feedback signals directly in the operator’s field of view, AR-based gamified
interfaces have the potential to reduce errors, improve task clarity, and sustain
motivation without compromising safety.

The problem statement of this thesis can therefore be summarized as follows:
while cobots can effectively support human workers in assembly tasks, current HRC
interfaces are limited in their ability to provide clear, engaging, and human-centered
interaction. This gap undermines both efficiency and operator well-being. There
is a need to explore how gamification and AR can be designed to address these
shortcomings, aligning HRC with the principles of Industry 5.0.

Based on this problem, the objectives of the research are threefold:

1. Theoretical objective: to situate gamification within the broader framework
of Industry 5.0 and HRC, identifying its potential contributions and risks.

2. Practical objective: to design and implement a gamified AR interface using
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Microsoft HoloLens in a collaborative assembly scenario.

3. Evaluative objective: to assess the effects of the gamified interface on operator
experience, task performance, and collaboration with the cobot.

The expected contributions of this work are twofold. On the theoretical side, the
thesis expands the literature on gamification by applying it to real-time industrial
assembly supported by HRC, an area that remains underexplored. On the practical
side, it provides design insights and empirical evidence on how gamified AR
interfaces can be used in industry, with particular reference to safety, clarity, and
human well-being. Ultimately, the research aims to demonstrate that gamification,
when responsibly designed, can bridge the gap between advanced technology and
human-centered work, thus contributing to the realization of Industry 5.0.

Differences Between Industry
4.0 and Industry 5.0

m Industry 4.0 Industry 5.0
Automation & Smart Factories Human-Machine Collaboration

Technology Al, loT, Big Data Al, Digital Twins, Cobots
Mass Production & Efficiency Customization & Personalization

Circular Economy & Waste
Reduction

Central Role, Assisted b
Human Role | Minimal, Monitoring Automation i i _b RS
Technology

Flexibility Fixed Automated Systems Adaptable, Modular Production

Sustainability Energy Efficiency

« | BEEWATEC

Figure 2.2: Differences between Industry 4.0 and Industry 5.0 [§]




Chapter 3

Human-robot collaboration
and ethical framework

3.1 Defining HRC: co-existence, co-operation,
collaboration

Human-Robot Collaboration (HRC) represents one of the most significant shifts
in industrial production over the past decade, reflecting a gradual but profound
rethinking of how humans and robots can share tasks within the same workspace.
Traditionally, industrial robots were confined to safety cages, separated from
humans to avoid accidents and unintended interactions. This configuration made
sense in an era when robots were large, powerful, and designed primarily for speed
and precision rather than for flexibility or adaptability. With the emergence of
collaborative robotics, however, this paradigm has begun to change. Collaborative
robots, or cobots, are explicitly designed to interact with humans in close proximity,
raising new questions about the forms and levels of interaction that can exist
between the two agents [9].

In the literature, three main categories are commonly used to distinguish the
degrees of human-robot interaction: co-existence, co-operation, and collaboration.
These categories are not rigidly separated but can be viewed as points along a
continuum, ranging from minimal interaction to fully interdependent task sharing.
Co-existence describes a situation in which humans and robots occupy the same
general environment but work independently of one another. They may operate in
parallel on different sides of an assembly line, often separated by safety scanners or
virtual boundaries that prevent direct physical interaction. The main advantage
of this arrangement is that it enables straightforward integration of robots into
existing workflows while minimizing risks. However, the potential benefits of shared
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intelligence and mutual adaptation remain largely unrealized.

Figure 3.1: Co-existence, co-operation, collaboration [10]

A more integrated configuration is co-operation, in which humans and robots
contribute to a common process but still perform distinct tasks. Here, the roles
of each actor are complementary, and interaction typically follows a sequential
pattern, for example the robot positions a component that the human then installs.
This arrangement leverages the strengths of both humans and machines: robots
handle repetitive or physically demanding actions, while humans provide dexterity,
contextual understanding, and decision-making. Although this setup can signif-
icantly increase efficiency, the interactions remain limited, as each agent largely
executes its part independently.

Collaboration, in the strict sense, goes beyond these interactions. In this
mode, humans and robots work simultaneously on the same task and often on the
same physical object, with actions that are interdependent. A typical example
is an assembly process where the robot holds or stabilizes a component while
the human secures it with fasteners. Collaboration requires the robot not only
to perform preprogrammed motions but also to dynamically adjust its behavior
in response to the operator’s movements. Achieving this level of coordination
depends on advanced sensing, control algorithms, and adaptive systems capable of
real-time responsiveness [11]. This progression from co-existence to co-operation
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and ultimately to collaboration mirrors the broader evolution of industrial systems.
In Industry 4.0, interaction was still dominated by configurations that emphasized
separation or sequential task-sharing. In contrast, Industry 5.0 places the human
at the center of the production process, envisioning systems where collaboration
between humans and robots becomes not just feasible but essential. The aim is
to create technologies that augment human abilities rather than replace them,
supporting flexible, resilient, and human-driven manufacturing processes.

Designing for Human-Robot Collaboration therefore involves more than technical
integration. It requires a reconsideration of safety standards, interaction protocols,
and operator training. It also calls for interfaces that address psychological and
cognitive dimensions, ensuring that trust, attention, and acceptance are nurtured
throughout the interaction. Ultimately, HRC should be understood as a dynamic
spectrum of interaction possibilities, adaptable to different tasks and environments.
The challenge for future manufacturing lies in enabling smooth transitions along
this spectrum, ensuring that both human and robot can operate at the most
appropriate level of collaboration for any given context.

3.2 Safety basics: ISO 10218, ISO/TS 15066;
PFL, SSM, Hand-Guiding

Safety is the cornerstone of Human-Robot Collaboration. Unlike traditional in-
dustrial robots, which have historically operated behind cages to eliminate all
possibility of contact with humans, collaborative robots are explicitly designed to
share the workspace with operators. This paradigm shift introduces new challenges,
since the risk of physical contact, whether intentional or accidental, cannot be fully
avoided. Ensuring safety in such contexts is therefore not only a technological ques-
tion but also one of compliance with international standards and the application of
appropriate design principles.

The foundational standards governing industrial robot safety are ISO 10218-
1 and ISO 10218-2, which define general requirements for robot manufacturers
and system integrators. These standards establish essential obligations, such as
emergency stop systems, protective measures, safe stops, and the need for risk
assessments. However, they were initially conceived for traditional robots, where
safety relied primarily on physical separation. With the emergence of collaborative
robotics, this approach proved insufficient, as cobots are expected to operate in close
proximity to humans. To address these limitations, ISO/TS 15066 was introduced
as a dedicated technical specification for collaborative operation [13].

One of its major contributions is the definition of biomechanical limits for
permissible physical contact. By establishing tolerable force and pressure thresholds
across different body regions, the standard enables designers to limit robot power,
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Figure 3.2: PFL, SSM, Hand-guiding [12]

speed, and movement profiles in a way that ensures safe interaction. This represents
a significant shift in safety philosophy: rather than avoiding all contact, the goal
becomes ensuring that any incidental contact remains intrinsically non-hazardous.

Within this framework, four main safety strategies are recognized (Figure 3.2):
Power and Force Limiting (PFL), Speed and Separation Monitoring (SSM), Safety-
Rated Monitored Stop (SRMS), and Hand-Guiding. Power and Force Limiting
involves designing robots so that, if physical contact occurs, the exerted force and
pressure stay below biomechanical thresholds. This is achieved through compliant
structures, torque sensing, and collision-detection algorithms that mitigate impacts
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in real time. Speed and Separation Monitoring, instead, relies on sensing tech-
nologies that track the operator’s position and dynamically adjust robot motion
based on proximity. Safety-Rated Monitored Stop is used when humans enter a
collaborative zone but do not require the robot to move simultaneously. Finally,
Hand-Guiding allows operators to manually guide the robot’s movements through
compliant joints, enabling intuitive physical interaction [9].

Despite the robustness of these strategies, safety cannot be guaranteed solely
through compliance with general standards. Each collaborative application must
undergo a tailored risk assessment that considers task characteristics, workspace
layout, operator vulnerability, and the presence of tools or heavy components.
Even when robots respect biomechanical thresholds, certain tools or objects may
introduce additional hazards that require supplementary safeguards. In summary,
safety in HRC arises from the integration of compliant robot design, adherence
to international standards, and continuous context-specific risk assessment. The
shift from traditional industrial robotics to collaborative robotics is therefore both
technological and conceptual: instead of excluding physical contact altogether,
modern systems accept human-robot proximity and, even interaction as long as it
is predictable, controlled, and demonstrably safe for operators.

Type A 1ISO 12100
standard, =0 64508

Basic safety
standards
Type B
ISO 13849-1 standard ISO 13850
IEC 62061 Generic safety standards |So 13351
B1 B2
for specific safety for safeguard
aspects
- _ Type C ISO 10218-1
ANSI/RIA R15.06 etandard 1SO 10218-2

Machine safety standards
CAN/CSA-Z434 (product standard)

ISO TS 15066

Figure 3.3: ISO Categories [14]
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3.3 Human Factors: attention, trust, acceptance

Although the technical capabilities of collaborative robots have advanced rapidly,
the success of Human—Robot Collaboration (HRC) ultimately depends on human
factors. A system may be mechanically safe and functionally efficient, but if it
fails to account for the psychological and cognitive needs of its users, it risks
rejection, misuse, or diminished effectiveness. For this reason, attention, trust, and
acceptance have emerged as three of the most critical dimensions in understanding
and evaluating HRC [9].

Attention is the first human factor to consider. In collaborative assembly tasks,
operators must divide their attention between their own actions, the robot’s behav-
ior, and the surrounding workspace. Collaboration introduces a dynamic partner
whose actions may not always be fully predictable, making adequate attentional
allocation essential for both safety and performance. When the robot’s behav-
ior lacks transparency, operators often compensate through excessive monitoring,
which increases cognitive load and reduces the attention available for the assembly
task. Conversely, when robot movements and intentions are clear and consistent,
operators can distribute their attention more efficiently, resulting in smoother
workflow and lower mental strain.

Trust is closely connected to attention. Without sufficient trust in the robot
and in the collaborative system as a whole, operators may remain overly vigilant,
hesitant, or unwilling to rely on automation. Trust in automation refers to the
belief that the system will act safely, reliably, and in line with expectations. If
trust is too low, humans may intervene unnecessarily; if trust is too high, they may
become complacent and insufficiently monitor the system. Achieving calibrated
trust, neither excessive nor insufficient, is therefore a key challenge in designing
effective collaborative systems. Factors that influence trust include transparency of
robot intentions, predictability of actions, clarity of feedback, and consistency of
behavior over time.

Acceptance is the third dimension and concerns the willingness of operators
to adopt and integrate collaborative systems into daily practice. Even when a
system is technically safe and efficient, acceptance may be hindered by perceived
complexity, changes to routines, or concerns about usability. Acceptance is shaped
by perceived usefulness, ease of interaction, and the sense that the system supports
rather than disrupts the operator’s work. The design of the human-robot interface
plays a central role: clear instructions, intuitive controls, and meaningful feedback
help operators maintain a sense of control and competence. Gamification elements,
when used appropriately, can support this process by reinforcing understanding,
conveying progress, and making interaction more cognitively manageable.

Training and organizational culture also influence acceptance. Operators who
are actively involved in the introduction of collaborative systems tend to develop
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more positive attitudes, as participation increases ownership and reduces resistance
to change. Likewise, training that addresses not only technical skills but also
expectations and attitudes can reduce uncertainty and enhance confidence. Within
the context of Industry 5.0, human factors such as attention, trust, and acceptance
become central design priorities. Whereas earlier industrial paradigms often treated
humans as variables to be optimized, Industry 5.0 frames them as active participants
whose psychological and cognitive states directly affect system performance and
well-being [15]. A collaborative system that neglects these dimensions may work
well in controlled environments but encounter failure in real-world deployment.
Conversely, systems that integrate human factors into their design can create
workspaces where safety, efficiency, and satisfaction reinforce one another.
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Figure 3.4: HRC evolution [16]

In summary, attention, trust, and acceptance are interdependent dimensions
that fundamentally shape the effectiveness of HRC. Attention ensures engagement
and situational awareness, trust enables effective reliance on automation, and
acceptance supports long-term adoption. Successfully addressing these factors
requires combining robust technical design with strategies for training, transparency,
and operator involvement. As Industry 5.0 evolves, these human factors will
not simply be evaluation criteria but guiding principles for the development of
collaborative technologies.

3.4 FEthics & Data Governance

The integration of collaborative robots into industrial environments is not solely
a technological challenge but also an ethical one. As human-robot collaboration
becomes increasingly common, questions of privacy, transparency, psychological
safety, and responsible data governance have emerged as central concerns. These
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issues align with broader debates in digital ethics, emphasizing that technological
innovation must be accompanied by safeguards that protect human dignity and
autonomy [17].

One of the most pressing concerns is the management of data generated within
collaborative contexts. Modern HRC systems increasingly rely on advanced sensing
technologies to monitor operator states, such as physiological or behavioral indica-
tors. While these data can support adaptive robotic behavior and improve safety,
their use raises ethical and legal questions regarding consent, purpose limitation,
and potential misuse. Without clear policies about what data are collected, how
they are stored, and who has access to them, workers may perceive monitoring as
intrusive or fear that information could be used for surveillance or performance
evaluation rather than for safety and well-being.

Psychological safety is equally important. Even when physical safety is ensured
through compliance with technical standards, workers may still feel uneasy if they
perceive robotic behavior as unpredictable or if they are uncertain about how
collected data might be interpreted. Poorly designed interfaces or gamification
systems can inadvertently increase pressure or competitive stress, undermining
well-being and leading to what is sometimes described as “metric fixation,” where
workers focus more on achieving performance indicators than on maintaining safety
or quality. Designing for psychological safety therefore requires balancing motiva-
tion with clarity, ensuring that feedback, indicators, and task cues support—not
overwhelm—the operator.

Transparency is another essential ethical requirement. Operators must be able
to understand how robots perceive the environment, what actions they plan to take,
and how these actions relate to the overall task. When robotic behavior is opaque,
humans struggle to build correct mental models, reducing trust and increasing the
risk of coordination errors. Transparency should extend beyond robot behavior
to organizational decision-making as well: workers should be informed about why
collaborative systems are introduced, how their performance is evaluated, and how
data governance is handled.

Responsibility and accountability also become complex in shared human-robot
tasks. In collaborative settings, outcomes result from intertwined human and
machine actions, making it difficult to determine liability when problems occur.
Traditional models that assign responsibility solely to either the operator or the
manufacturer are insufficient for hybrid systems in which autonomy and human
oversight are shared. New frameworks are required to ensure that responsibility is
distributed fairly and that workers are not unjustly held accountable for system-level
failures [18].

Finally, ethical considerations must be understood within a broader perspective
that includes social and organizational impacts. The introduction of collaborative
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technologies influences not only efficiency but also worker empowerment, inclu-
siveness, and long-term resilience of industrial systems. Ethical HRC design must
therefore align technological development with values such as fairness, transparency,
and human well-being.

In summary, ethics and data governance in HRC extend far beyond technical
safety requirements. They involve protecting privacy, ensuring psychological safety,
promoting transparency, and establishing clear models of responsibility. By em-
bedding these principles into design and implementation processes, collaborative
technologies can support environments where human values are upheld and where
technological innovation contributes positively to both workers and society.
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Chapter 4

Assembly complexity and
operator state

4.1 Assembly Complexity: definitions, DFA view,
C_product metric

The notion of complexity in assembly operations has long been a subject of interest
in manufacturing research, systems engineering, and ergonomics. Complexity is
generally understood as the degree of difficulty associated with performing a task,
arising from the number of elements involved, their interdependencies, and the level
of uncertainty in execution. Unlike metrics such as cycle time or cost, which are
relatively straightforward to measure, complexity is inherently multidimensional,
reflecting not only technical aspects of the product but also human cognitive load,
ergonomic demands, and organizational constraints. This makes it both critical
and challenging to define and quantify.

From a product design perspective, one of the most influential frameworks for
analyzing assembly complexity comes from Design for Assembly (DFA) principles.
DFA emphasizes that many assembly challenges arise not from operator limitations
but from design choices themselves. The number of parts, their geometric charac-
teristics, levels of symmetry, and ease of handling directly influence how difficult
assembly becomes. A product with numerous simple, symmetric components may
be easier to assemble than one with fewer but fragile or asymmetric parts that
require precise manipulation. This fundamental insight, articulated early on in the
Boothroyd-Dewhurst methodology, highlights that complexity cannot be assessed
solely through part counts but must consider qualitative features of design [20].

DFA tools therefore guide designers in minimizing unnecessary components,
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Figure 4.1: Design for assembly [19]

simplifying geometry, and standardizing fasteners. Indices derived from this method-
ology allow for quantifying the efficiency of assembly based on how closely a design
approaches the theoretical minimum number of parts. Low DFA scores typically
correlate with higher assembly complexity, reflecting redundancies or suboptimal
component design. Although conceived from a design standpoint, such indices
are also indirectly linked to operator performance: simpler designs tend to reduce
assembly times and minimize errors.

Beyond design-oriented approaches, other researchers have proposed more com-
prehensive quantitative models to capture assembly complexity. Among the most
impactful is the C__product metric developed by Samy and ElMaraghy (2010) [21].
This model integrates structural and operational factors into a unified measure.
Structurally, the product is modeled as a graph in which components correspond
to nodes and assembly relationships to edges as shown in the figure below 4.3. The
connectivity and hierarchy of this graph reflect how tightly coupled components are.
Operationally, the metric considers the difficulty of specific assembly actions such
as handling, orienting, inserting, and fastening, assigning weights to each based on
empirical difficulty. The resulting composite index captures nuances that simpler
measures overlook, offering a more realistic representation of the challenges faced
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Figure 4.2: Design for manufacturing [19]

by operators.

The strength of the C_product metric lies in its ability to differentiate between
assemblies that may appear similar in part count but differ drastically in task
demands. Orientation changes, precise alignments, or heavy components can
significantly increase operational complexity. This is particularly relevant in human-
robot collaboration, where robotic assistance can be allocated strategically to the
most demanding subtasks. For example, when stabilizing a heavy or asymmetric
component while aligning multiple fasteners, a collaborative robot can significantly
reduce both physical strain and error likelihood.

Other perspectives expand the concept of complexity beyond structure and
operation. Information-theoretic approaches equate complexity with the amount of
information required to describe or execute a task/assemblies with high uncertainty
or multiple valid sequences impose greater cognitive demands. Ergonomics-based
assessments link complexity to physical difficulty, such as awkward postures, repet-
itive motions, or required force. From this standpoint, even a structurally simple
assembly may be complex for the operator if it involves sustained bending or
delicate manipulations.
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These diverse viewpoints illustrate that assembly complexity is multifaceted. To
designers, it reflects opportunities to simplify geometry and reduce components.
To production planners, it predicts assembly time and error rates. To ergonomists,
it signals potential sources of musculoskeletal strain. To cognitive scientists, it
represents mental workload and attentional demands. A comprehensive under-
standing must therefore integrate all these dimensions, recognizing that complexity
is simultaneously a property of the product and an experience of the human opera-
tor. Practical examples reinforce this point. Automotive assembly often involves
heavy, asymmetrical components that require precise sequencing, resulting in high
structural and operational complexity. Electronics assembly, although involving
small part counts, demands delicate manipulation and fine motor control, creating
high cognitive and ergonomic complexity. Aerospace assembly frequently combines
both extremes. These cases demonstrate why complexity cannot be reduced to
simple numerical indicators but requires a holistic evaluation.

The skateboard assembly examined in this thesis provides a concrete example of
how complexity manifests even in relatively simple products. While the skateboard
consists of a board, trucks, and wheels, the assembly involves aligning components,
inserting bolts in correct orientation, compressing bushings, and fastening nuts
with appropriate torque. For inexperienced operators, tasks such as stabilizing
the hanger while securing the pivot cup can be surprisingly demanding. Using
metrics like C__product helps identify where complexity peaks and where robotic
or gamified support can be most impactful.

In summary, assembly complexity is central to understanding human-robot
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collaboration. It emerges from the interplay between product structure, task
sequence, ergonomics, and cognitive demands. Tools such as DFA indices and the
C_ product metric provide complementary perspectives for quantifying complexity.
Recognizing and addressing these challenges allows designers and engineers to
allocate robotic assistance effectively and create processes that support both
efficiency and operator well-being. In human-centric industrial paradigms such as
Industry 5.0, managing complexity becomes not just a technical task but a pathway
to designing systems that empower rather than overwhelm human operators.

4.2 Why complexity matters: workload, errors,
quality, when HRC helps most
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Figure 4.4: Complexity vs errors graph [22]

The Figure 4.4 illustrates the well-known bias variance trade-off, which explains
why model or system complexity must be carefully balanced rather than maximized.
On the horizontal axis, model complexity increases from left to right, while the
vertical axis represents prediction or decision error. The total error is decomposed
into two main components: bias and variance.

At low levels of complexity, the model is too simple to capture the structure
of the problem. In this region, the bias component is high, meaning that the
system systematically oversimplifies reality and produces inaccurate predictions or
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decisions. This condition corresponds to underfitting: performance is stable but
consistently wrong because the model lacks expressive power.

As complexity increases, bias decreases because the model becomes more flexible
and better able to represent the underlying patterns of the task. However, beyond
a certain point, variance begins to grow. High variance means that the model
becomes overly sensitive to small fluctuations, noise, or incidental variations in the
data. This leads to overfitting, where performance appears very accurate in specific
cases but generalizes poorly across different situations.

The total error curve, shown as a U-shaped function, is the sum of bias? and
variance. Its minimum identifies the optimal complexity region, where the system
achieves the best trade-off between stability and flexibility. In this region, the
model is expressive enough to capture relevant structure but not so complex that
it becomes unstable or overly sensitive.

Assembly complexity is not simply a theoretical construct or an abstract property
of products; it has direct and measurable consequences for operators, production
systems, and overall industrial performance. Understanding why complexity matters
is crucial for identifying where human-robot collaboration can be most beneficial.
Complexity influences operator workload, the likelihood of errors, the quality of
assembled products, and the overall efficiency of manufacturing processes.

One of the most immediate consequences of high assembly complexity is the
increase in operator workload. Workload is a multidimensional concept that en-
compasses both physical demands, such as exerting force or maintaining awkward
postures, and cognitive demands, including sustaining attention, processing instruc-
tions, and remembering sequences [23]. As the number of components increases or
as tasks require greater precision, operators must devote more cognitive resources
to managing the process. Tasks that involve aligning asymmetric parts or handling
multiple components simultaneously require continuous adjustments and decision-
making. Even when operators are physically capable, cognitive overload can reduce
efficiency and increase the likelihood of errors.

Complexity also influences the frequency and nature of assembly errors. Simple
tasks often produce errors related to slips or momentary lapses in attention. In
contrast, complex tasks are more likely to involve misunderstandings of instructions,
misjudgment of spatial relationships, or confusion about sequencing. As complexity
increases, errors tend to rise disproportionately, particularly in tasks with interde-
pendent steps or conditional branches. Moreover, recovering from errors in complex
assemblies is usually more challenging, often requiring disassembly and repetition of
multiple steps. This not only slows productivity but may also undermine operator
confidence and satisfaction.

Product quality is another dimension strongly affected by assembly complex-
ity. High-complexity tasks create variability in outcomes, increasing the risk of
misalignments, insufficient fastening, or missing components. Such defects may
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not always be visible immediately but can manifest later as decreased durability,
performance issues, or safety risks. In sectors where reliability is critical, such as
automotive, aerospace, or medical devices, even small deviations can have severe
consequences. Reducing or managing complexity therefore plays a fundamental
role in ensuring consistent product quality.

These challenges illustrate why human-robot collaboration is particularly ad-
vantageous in scenarios characterized by high assembly complexity. Robots excel
in tasks requiring precision, endurance, stability, or repetitive motion, areas where
humans are more prone to fatigue or inconsistency. Collaborative robots can
stabilize heavy or awkward components, maintain precise positions, or apply con-
sistent torque, thereby reducing both physical and cognitive load for operators.
Recent research highlights how shared autonomy,where robots handle demanding
subtasks while humans focus on decision-making, significantly reduces error rates
and improves throughput in complex assemblies [24].

The benefits of HRC extend beyond physical support. Informational assistance,
such as augmented reality guidance, can simplify sequencing, reduce memory load,
and help operators maintain situational awareness. Gamified cues,such as progress
indicators or milestone feedback, can help sustain motivation and concentration,
particularly during prolonged or intricate tasks. In highly complex assemblies, such
cognitive support can be essential in preventing errors and maintaining smooth
execution.

These dynamics can be observed even in relatively simple products, such as
the skateboard assembly examined in this thesis. Although the overall number of
components is small, certain steps, such as aligning baseplates with drilled holes or
stabilizing the hanger while inserting bushings and washers, introduce significant
physical and cognitive demands. For inexperienced operators, these moments of
peak complexity can result in hesitation, errors, or frustration. Modeling the
assembly using complexity metrics helps identify these critical points and informs
decisions about where robotic assistance or augmented feedback can be most
effective.

From a broader organizational perspective, managing assembly complexity has
significant economic and human implications. High error rates, rework, and vari-
ability can trigger production delays and increase operational costs. Furthermore,
tasks that impose excessive physical or cognitive strain can negatively affect worker
well-being, leading to frustration, burnout, or turnover. Conversely, systems that
acknowledge and address complexity promote not only efficiency but also greater
operator satisfaction and long-term sustainability of the workforce. This aligns
closely with the principles of Industry 5.0, which emphasize human-centricity
and the creation of production environments that empower operators rather than
overwhelm them.

In conclusion, assembly complexity matters because it shapes workload, error
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rates, and product quality. It also determines where human-robot collaboration
can produce the greatest benefits. By identifying moments of peak complexity
and strategically allocating tasks between humans and robots, manufacturers can
enhance productivity while supporting operator well-being. Complexity, therefore,
is not merely a challenge to be minimized but a critical design parameter that
informs how modern industrial systems should be structured and optimized.

4.3 Operator State Measures: subjective,
ergonomics and objective

In human-robot collaboration, one of the most decisive aspects for evaluating both
safety and efficiency is the state of the human operator. The concept of “operator
state” refers to the combination of cognitive, affective, and physical conditions
experienced during task execution. Unlike purely technical indicators such as
cycle time or defect rate, operator state provides insight into how demanding or
sustainable a process is from a human perspective. Measuring it makes it possible
to identify when tasks become excessively challenging, evaluate the impact of
technologies such as cobots or augmented reality, and design interventions that
promote both productivity and well-being. Within the human-centric vision of
Industry 5.0, understanding operator state is fundamental for aligning industrial
systems with human capabilities.

A first category of operator state measures includes subjective self-report tools.
These methods rely on operators’ perceptions of workload, stress, or affective state.
Among them, one of the most widely adopted is the NASA Task Load Index
(NASA-TLX, Figure 4.5), developed to assess workload across dimensions such as
mental demand, physical demand, effort, and frustration [23]. Because it captures
multiple facets of workload, NASA-TLX is useful in assembly tasks where cognitive
and physical demands vary across steps.

Subjective measures, however, have limitations: they rely on self-awareness,
cannot track changes continuously during tasks, and may be affected by bias. To
complement these insights, ergonomic assessments are commonly used. Tools that
evaluate posture, repetitive movements, and physical strain help identify points
in the process where musculoskeletal load increases. Tasks requiring bending,
awkward wrist angles, or sustained force may impose ergonomic risks even when
the cognitive burden is low.

Cobots can mitigate many of these issues by stabilizing components or support-
ing loads, thereby reducing physical strain and promoting safer working conditions.
Beyond subjective and ergonomic assessments, objective physiological measures
provide direct indicators of cognitive and affective states. Heart rate variability
(HRV) is particularly relevant, as it reflects autonomic nervous system activity and
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Figure 4.5: NASA-TLX Index [25]

is strongly associated with stress and mental workload. Metrics such as RMSSD or
SDNN decrease when operators experience sustained cognitive or emotional load
and increase during relaxed states [26]. RMSSD (Root Mean Square of Successive
Differences) and SDNN (Standard Deviation of Normal-to-Normal intervals) are
time-domain Heart Rate Variability (HRV) metrics. RMSSD quantifies short-term
beat-to-beat variability and is mainly associated with parasympathetic (vagal)
activity, making it sensitive to acute stress and recovery states. SDNN measures
the overall variability of inter-beat intervals over a time window and reflects total
autonomic nervous system activity. Lower values of both metrics are generally
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associated with higher cognitive load and stress. Monitoring HRV during collabo-
rative assembly can reveal whether robotic assistance effectively reduces stress and
improves operator resilience.
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Figure 4.6: HRV-rMSSD [27]

Other physiological measures, such as electrodermal activity (EDA) or eye-
tracking, provide additional insights into operator attention and arousal. Fluctu-
ations in skin conductance can indicate heightened activation during demanding
steps, while gaze patterns and pupil dilation can reveal moments of uncertainty,
confusion, or cognitive overload. These measures are especially useful when evalu-
ating new interfaces or gamified feedback, helping determine whether visual cues
attract attention as intended or inadvertently create distraction.

No single measure is sufficient on its own. Subjective reports capture lived
experience, ergonomic assessments quantify physical risk, and physiological indica-
tors reveal continuous, objective patterns of cognitive and emotional load. When
combined, these complementary methods create a robust multimodal understand-
ing of operator state. For example, if NASA-TLX indicates high mental demand,
HRV shows reduced variability, and gaze patterns reveal frequent shifts, the evi-
dence strongly suggests a task with significant cognitive complexity. Conversely,
mismatches between measures, for example high frustration ratings but stable
physiological patterns, can indicate motivational factors rather than excessive
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workload.

Applying this multimodal perspective to the skateboard assembly reveals the
value of operator state assessments. While the product is relatively simple, specific
steps, such as stabilizing the hanger while compressing bushings and washers, or
aligning baseplate holes precisely, impose peak cognitive or physical load. Measuring
operator state helps identify these demanding points and guides decisions on where
cobots, augmented reality instructions, or gamified cues can provide meaningful
support.

Despite their usefulness, implementing operator state measures in industrial
settings poses challenges. Physiological sensors can be intrusive, uncomfortable, or
raise concerns about privacy and surveillance. Data quality may also be affected
by noise, movement artifacts, or environmental factors. These challenges highlight
the need for transparent communication, ethical governance, and responsible data
management—ensuring that operator state monitoring serves to support workers
rather than evaluate or penalize them.

In conclusion, operator state measures are essential for designing human-centric
collaborative systems. Subjective tools capture perceived workload and affect,
ergonomic assessments quantify physical load, and physiological measures provide
objective indicators of stress and attention. Together, they enable a comprehensive
understanding of how operators experience collaborative assembly. Within Industry
5.0, where technology is expected to adapt to human needs rather than the
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opposite, operator state becomes a guiding principle for designing safe, efficient,
and empowering human-robot collaboration.

4.4 Process vs Product defects

In industrial assembly systems, evaluating performance and quality requires a clear
distinction between process defects and product defects. While these two categories
are interrelated, they represent different dimensions of system performance and
require different strategies for detection, prevention, and correction. Understanding
how process defects propagate into product defects is essential for designing effective
human-robot collaboration (HRC) systems, as both cobots and augmented reality
interfaces can mitigate certain types of errors while unintentionally introducing
others.

Process defects refer to deviations that occur during the execution of an assembly
task. These include mistakes such as incorrect sequencing, insufficient or excessive
torque application, omission of a step, or misalignment during part insertion. Such
defects are often rooted in factors like operator workload, attention, ergonomics,
and task complexity. For example, during the assembly of a skateboard truck, a
process defect may occur if the operator fails to maintain bolt orientation while
inserting bushings or if excessive force damages a softer component. According
to classical human error models, these deviations often arise in real time like
slips, lapses, or mistakes caused by cognitive overload or ambiguous task cues [28].
When detected early, many process defects can be corrected before they influence
downstream operations, especially when supported by feedback systems.

Product defects, by contrast, refer to deficiencies in the final assembled product
that compromise its quality, safety, or functionality. They often represent the
cumulative effect of one or more process defects that went undetected. For instance,
an under-tightened nut may not be immediately noticeable but can result in
instability, premature wear, or even safety hazards once the product is in use. In
high-reliability sectors such as automotive, aerospace, or medical devices, product
defects can carry severe consequences, including costly recalls and potentially
dangerous failures [29]. Even in simpler consumer products like skateboards, a
product defect such as misaligned trucks or loose wheels poses substantial risks for
end users.

Understanding this distinction is central to quality management. Process defects
tend to be easier to detect in real time, particularly when supported by sensors or
augmented interfaces. For example, vision systems can verify correct orientation
before fastening, and AR overlays can indicate proper tightening order. Product
defects, however, are typically discovered only through final inspection or customer
feedback, making them considerably more expensive and disruptive to correct.
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Figure 4.8: Classes of defects [30]

Preventing product defects therefore depends heavily on catching and correcting
process defects early.

Human-robot collaboration offers valuable tools for reducing both categories of
defects. Cobots can stabilize components, apply consistent torque, and assist with
precise alignments, thereby reducing the likelihood of process errors. Augmented
reality can guide operators step by step, helping them avoid sequencing mistakes
or misinterpretations of instructions. Gamified feedback can reinforce correct
performance, drawing attention to critical steps or rewarding error-free sequences.
Reducing process defects through these technologies directly lowers the chance of
product defects appearing downstream.

However, if poorly implemented, HRC systems can introduce new process defects.
Unpredictable robot behavior, ambiguous interface cues, or calibration errors in
AR overlays may confuse operators, prompting incorrect actions or overreliance on
automation. These errors can propagate into product defects if not detected. This
underscores the need for robust system design, clear interaction cues, and iterative
testing.

Different methods are required to detect process and product defects. Process
defects are typically identified through direct observation, video analysis, operator
monitoring, or real-time logging of actions. Eye-tracking can reveal moments of
uncertainty that correlate with higher error likelihood. Product defects, in contrast,
are found during end-of-line inspection or through performance testing. While
product defects provide a clear measure of final quality, they do not reveal where
or how errors occurred. A complete assessment therefore requires integrating both
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perspectives.

This distinction is also highly relevant in the context of Industry 5.0, where
human-centricity and system resilience are priorities. By focusing on process defects,
organizations can identify aspects of the workflow, such as high workload, poor
ergonomics, or unclear instruction that contribute to human error, and redesign
the system accordingly. For example, if repeated process defects occur during the
insertion of skateboard wheels because alignment is awkward, this may indicate the
need for cobot assistance or workstation modification. Focusing only on product
defects would identify loose wheels as a problem but overlook the process issue
that caused them.

In conclusion, process defects and product defects represent two complementary
but distinct aspects of quality management. Process defects concern deviations
during task execution, while product defects reflect final quality issues that may
compromise safety and performance. HRC technologies have the potential to reduce
both by preventing errors early and enhancing operator support. Distinguishing
between process and product defects is therefore essential for building adaptive,
human-centric assembly systems aligned with the principles of Industry 5.0.
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Figure 4.9: How to reduce defects [19]
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4.5 Data Quality Considerations: filtering, arti-
facts, per-subject z-scores

The measurement of operator state in collaborative assembly environments depends
critically on the quality of the data collected. While subjective questionnaires,
ergonomic assessments, and physiological signals can all provide valuable insights,
their usefulness is compromised if the data are noisy, inconsistent, or improperly
processed. Ensuring data quality is therefore not a technical formality but a
central methodological requirement in human-robot collaboration research. Without
rigorous data management, conclusions about workload, stress, or the impact of
robotic assistance risk being unreliable or misleading.

One of the most fundamental challenges concerns the presence of artifacts in
physiological signals. Measures such as electrodermal activity (EDA), heart rate
variability (HRV), and eye-tracking are highly sensitive to external disturbances.
EDA signals, for example, can be distorted by changes in electrode contact, skin
hydration, or environmental temperature [31]. HRV can be affected by motion
artifacts, irregular breathing, or improper sensor placement, while eye-tracking
systems may lose calibration when head orientation or lighting conditions change.
If these artifacts are not identified and filtered, they can be mistakenly interpreted
as meaningful fluctuations in cognitive or emotional state.

Effective signal preprocessing is therefore essential. Techniques such as smooth-
ing, filtering, detrending, and artifact rejection are commonly used to ensure that
physiological data reflect genuine operator responses rather than noise. For instance,
separating tonic and phasic components of EDA requires signal deconvolution to
distinguish slow baseline drifts from rapid stimulus-related peaks. HRV analysis
demands careful identification and treatment of irregular heartbeats to avoid ar-
tificially inflating variability metrics. Although computationally intensive, these
procedures are necessary to maintain the validity of physiological measurements.

Inter-individual variability represents another critical issue. Operators differ
naturally in baseline physiology, sensitivity to stress, and interpretation of subjective
scales. One individual may exhibit consistently higher skin conductance than
another without experiencing greater stress; similarly, subjective perceptions of
workload can vary across individuals depending on personality or cultural factors.
To address this, data are often normalized within individuals using methods such
as z-score transformations. This allows researchers to focus on relative changes
within each participant rather than comparing absolute values that may not be
meaningful across individuals.

The reliability of subjective measures must also be considered. Tools such as
NASA-TLX or affective rating scales are well validated, yet they remain vulnerable
to recall bias, mood fluctuations, or inconsistent interpretation. Administering
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these questionnaires immediately after each task, rather than retrospectively,
can improve accuracy. Triangulating subjective reports with physiological and
ergonomic measures further increases reliability: discrepancies between perceptions
and objective indicators can reveal motivational or situational factors that would
otherwise go unnoticed.
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Figure 4.10: Data pipeline [32]

The Figure 4.10 illustrates a standard ETL (Extract-Transform-Load) pipeline, a
structured process used to collect, prepare, and analyze data from multiple sources.
This workflow is particularly relevant for data quality management in gamification-
based Human-Robot Collaboration (HRC) systems, where data originate from
heterogeneous streams such as interaction logs, sensors, and game-related metrics.

In the Extract phase, raw data are gathered from different sources. In Transform,
data are cleaned, synchronized, filtered, and standardized in a staging area to
improve consistency and reliability. This step is essential to reduce noise, handle
missing values, and align metrics related to user performance and engagement. In
the Load phase, processed data are stored in a centralized repository for structured
access. Finally, the Analyze stage supports evaluation and decision-making, such
as assessing gamification effectiveness or operator behavior.

Environmental conditions introduce additional challenges. Laboratory settings
provide controlled environments for data collection, but industrial contexts are
far more dynamic. Vibrations, temperature shifts, ambient noise, and operator
movement can all degrade signal quality. Sensors may lose contact due to sweat
or repeated bending, while augmented reality systems may experience tracking
drift under poor lighting. Addressing these issues requires careful sensor placement,
periodic calibration, and multimodal redundancy, collecting multiple types of data
simultaneously so that one signal can compensate for the limitations of another.
This redundancy aligns with the resilience-oriented principles of human-centric
industrial design.
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Ethical considerations are inseparable from data quality. Data that are incom-
plete, inconsistent, or collected without proper consent are not only scientifically
flawed but also ethically unacceptable. Workers must be informed about what data
are collected, how they will be used, and who will have access to them. Transparent
governance frameworks foster trust and encourage natural behavior, improving
data validity. When individuals feel monitored in ways that are unclear or intru-
sive, their behavior may change, introducing bias into the dataset [17]. Finally,
data quality extends into the analytical phase. Small sample sizes, common in
human-robot collaboration studies, increase the risk of statistical errors and reduce
generalizability. Appropriate statistical techniques, corrective measures for multiple
comparisons, and transparent reporting practices are essential to ensure robust
conclusions. Thus, data quality is not only a matter of signal processing but also
of rigorous experimental design and interpretation.

In summary, data quality considerations are fundamental to the study of op-
erator state in collaborative assembly systems. Artifacts, individual differences,
environmental factors, and subjective biases all threaten the validity of findings if
not addressed carefully. Techniques such as filtering, normalization, triangulation,
and multimodal redundancy help mitigate these challenges, while ethical governance
ensures transparency and protects participants’ rights. Within the broader vision
of Industry 5.0, data quality is a cornerstone of human-centric innovation, ensuring
that insights into operator state accurately reflect human needs and experiences.
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Chapter 5

Gamification in Human
Robot collaboration

5.1 Basics of Gamification and the MDA frame-
work

The concept of gamification has gained considerable attention across fields such as
human-computer interaction, organizational behavior, education, and industrial
design. At its core, gamification refers to the application of game design elements
in non-game contexts with the goal of enhancing engagement, motivation, and
performance [33].

Benefits of gamification
at work

Boosts motivation, Improves Fosters teamwork Promotes
engagement, and performance and creativity and
retention productivity innovation

Figure 5.1: Gamification benefits [34]

Although the term emerged prominently in the early 2010s, the underlying idea
builds on long-standing human tendencies to incorporate play, symbolic recognition,
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and competitive structures into daily activities. What differentiates contempo-
rary gamification from earlier practices is the systematic, intentional, and often
technology-driven use of game design principles to support tasks traditionally
viewed as serious or utilitarian. Understanding the basics of gamification requires
distinguishing it from games themselves. A game is typically a fully self-contained
system with rules, challenges, goals, and feedback, pursued partly for enjoyment or
competition. Gamification, in contrast, incorporates selected game elements into
existing tasks without transforming the task into an actual game. For example,
adding points, levels, or progress bars to an assembly activity does not turn it
into a full game but leverages the motivational architecture typical of games. This
approach allows designers to use game-like structures to boost engagement while
preserving the primary purpose of the original task.

Narrative
Rewards

Competition

Collaboration

Exploration

Theme

Figure 5.2: Gamification target elements [35]

Even before the rise of modern gamification, various domains used game-like
mechanisms to foster motivation. Schools employed reward symbols such as stars
and honor boards; workplaces introduced recognition systems such as "employee of
the month"; and training environments used simulations and challenges to enhance
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learning. With the advent of digital technology, however, these mechanisms have
become more dynamic and scalable. Modern platforms can provide real-time
feedback, adapt difficulty to user performance, incorporate social comparison, and
track progress continuously. As a result, gamification has evolved from an informal
motivational tool to a structured design strategy supported by psychological theories
and digital systems.

Gamification typically draws from a toolbox of design elements such as points,
badges, leaderboards, levels, timers, and progress indicators. Each contributes
to specific psychological drivers. Points provide immediate and quantifiable feed-
back; badges symbolize milestones or achievements; leaderboards introduce social
comparison; levels create a sense of progression; and progress bars help sustain
effort through visual evidence of advancement. When appropriately implemented,
these elements enhance motivation by reinforcing feelings of competence, autonomy,
and mastery. However, their effectiveness depends heavily on context: the same
element that motivates in one environment may create pressure or disengagement
in another.

Applications of gamification span education, healthcare, marketing, and work-
place training. In educational contexts, gamification has been used to sustain
student engagement and promote consistent practice. Fitness applications use chal-
lenges, badges, and progress streaks to encourage healthy behavior. Marketing and
customer loyalty systems rely on tiered membership levels and exclusive rewards.
In workplace settings, gamification enhances training, skill acquisition, and task
engagement by making routine activities more dynamic and stimulating. These
examples demonstrate gamification’s versatility but also reveal the importance of
thoughtful design. Poorly implemented systems risk superficial "pointsification,"
where game elements are added without meaningful integration into the underlying
task.

To understand how gamification works beyond individual design elements, the
Mechanics-Dynamics-Aesthetics (MDA) framework provides a powerful conceptual
tool. Originally proposed by Hunicke, LeBlanc, and Zubek (2004), the MDA
framework helps explain how system features translate into psychological experience.
Mechanics refer to the concrete rules, components, algorithms, and interface
elements-such as points, badges, timers, levels, or AR overlays. These mechanics
interact with user behavior to generate dynamics, which are the run-time patterns
that emerge during use. For example, awarding points for speed creates time
pressure, while awarding points for precision fosters careful behavior. Dynamics
thus reflect how mechanics influence behavior over time.

Aesthetics represent the emotional and experiential outcomes that arise from
mechanics and dynamics. These include sensations such as enjoyment, challenge,
mastery, pride, or immersion. In gamification, aesthetics are crucial because they
determine whether users perceive the system as motivating or burdensome. For
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Figure 5.3: MDA Framework [36]

instance, a well-designed progress bar may evoke satisfaction and momentum,
while a poorly implemented leaderboard might provoke anxiety or frustration.
By understanding mechanics, dynamics, and aesthetics as interconnected layers,
designers can predict how system features will shape user experience.

A major insight of the MDA framework is the asymmetry between the designer’s
and the user’s perspectives. Designers begin with mechanics, intending to create
certain dynamics and aesthetics. Users, however, experience the system in reverse:
they first feel aesthetics, which are shaped by dynamics, and only indirectly
influenced by mechanics. This asymmetry underscores the importance of designing
gamified systems with user experience at the forefront. A mechanic such as a
timer may be easy to implement, but if it produces dynamics of stress instead of
challenge, it undermines the intended aesthetic experience.

The MDA framework has been used widely to guide gamification design in
educational apps, fitness technologies, workplace tools, and industrial training
platforms. In human-robot collaboration, the framework is particularly valuable
because it helps structure how gamified elements influence operator behavior and
well-being. Mechanics such as AR cues, progress indicators, or accuracy-based
scoring can shape dynamics of pacing, coordination, or error reduction. These
ultimately produce aesthetics of confidence, mastery, or engagement-outcomes
that are essential in collaborative industrial environments. By applying MDA,
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designers can ensure that gamification aligns with the goals of safety, attention,
and human-centric design rather than creating unnecessary pressure or distraction.

Rules ——- System —s» “Fun”

Mechanics = Dynamics —» Aesthetics

Designer

Figure 5.4: MDA Framework [36]

In conclusion, the basics of gamification rest on the deliberate use of game
design elements to increase engagement, motivation, and performance in non-
game contexts. The MDA framework provides a structured way to connect design
choices with psychological experience, helping ensure that gamification enhances
rather than disrupts the task. When applied thoughtfully especially in sensitive
contexts such as human-robot collaboration gamification can transform routine
tasks into more engaging, meaningful, and motivating experiences while supporting
the principles of Industry 5.0.

5.2 Why Gamification in HRC: engagement, mo-
tivation, well-being, performance

Why gamification should be integrated into human-robot collaboration (HRC)
becomes clear if we look beyond purely technical indicators of performance and
consider what actually happens to the human operator in a collaborative cell. A
cobot may be perfectly programmed, safe, and precise, yet the overall system can
still underperform if the human partner is bored, mentally overloaded, anxious,
or simply indifferent to the task. HRC, by definition, places a human operator
in continuous interaction with an autonomous or semi-autonomous machine; this
amplifies the importance of engagement, motivation, well-being, and performance
as human-centred dimensions. Gamification offers a structured way to act on all
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four, not as a decorative layer, but as a design strategy that shapes how operators
perceive and experience collaboration.

From the perspective of engagement, collaborative assembly tasks often suffer
from an awkward mix of repetition and intermittent criticality. For large portions
of a cycle the operator might perform routine actions or monitor the robot, with
few salient events to maintain attention. Then, in relatively brief windows, they are
required to respond quickly to a robot cue, make a precise adjustment, or detect an
anomaly. This pattern is risky: low stimulation encourages mind-wandering and
loss of vigilance, while the short bursts of demand leave little time to re-engage.
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Gamification can restructure this temporal profile by making the task feel more
continuous from the operator’s point of view. By segmenting the process into
recognisable micro-goals and providing small but frequent feedback signals, it
keeps the operator cognitively "plugged in" throughout the cycle. Even simple
design choices such as acknowledging the completion of intermediate steps, showing
incremental progress toward a larger objective, or signalling "streaks" of error-free
actions help transform a flat sequence of operations into a rhythm of challenge
and completion. This rhythm counteracts the typical decline in vigilance seen in
monotonous work and supports a more stable attentional state.

Motivation, in turn, concerns not only whether operators are attentive, but
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whether they care about doing the task well and improving over time. In HRC,
there is a specific risk that the presence of the robot diminishes perceived agency:
if the cobot appears to be "doing the real work," the human role can feel reduced
to supervision or compliance. Gamification allows designers to rebalance this
perception by making the human contribution visible, trackable, and meaningful.
When an interface highlights the accuracy of the operator’s actions, recognises
efficient coordination with the robot, or shows skill development across sessions,
it sends a clear message that human input is indispensable. This aligns with
motivational theories that emphasise the importance of perceived competence and
autonomy for sustained intrinsic motivation [38]. Rather than relying solely on
external rewards like pay or formal evaluations, a gamified HRC system offers a
constant, low-level stream of informational feedback that reinforces the operator’s
sense of mastery and control.

Well-designed progression structures further strengthen this effect. Collaborative
tasks can be organised into levels of increasing complexity, where operators gradu-
ally unlock more responsibility or more demanding actions as they demonstrate
competence. Crucially, this progression does not need to be theatrical or game-like
in a literal sense; it can be as simple as visual indicators of experience, cumulative
performance summaries at the end of a shift, or contextual cues that signal "you
are now operating at an advanced level." These design features provide the kind
of medium-term goals and trajectories that are largely absent from conventional
assembly work. When combined with immediate feedback at the level of indi-
vidual actions, they create a multi-timescale motivational structure: something
happens now when I act; something accumulates over the shift; something grows
over weeks. Empirical work on gamification in education and workplace systems
suggests that such layered feedback and progression are key mechanisms through
which gamification enhances persistence and effort across contexts [39].

Well-being broadens the scope from engagement and motivation to the overall
quality of the operator’s experience. Collaborative robots are often introduced
with the explicit promise of improving working conditions: reducing heavy lifting,
awkward postures, or dangerous manual operations. Yet the psychological impact of
working in close proximity to robots is more ambiguous. Operators may worry about
safety, fear being replaced, or feel stressed by having to monitor an autonomous
agent whose internal logic is not always apparent. Gamification can mitigate some
of these tensions by making the interaction more legible and emotionally positive.
For instance, feedback can be framed in a supportive rather than punitive tone;
success events can be marked by subtle but pleasant cues; and the interface can
foreground cooperation ("you and the cobot completed this step together") instead of
competition. Over time, these design choices foster a climate in which operators feel
affirmed rather than judged, and collaboration with the robot becomes associated
with small, repeated experiences of success rather than a constant risk of failure.
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Another aspect of well-being relates to how gamification can be used to en-
courage healthier physical behaviour. Even in collaborative cells, operators may
adopt ergonomically suboptimal postures, work at a pace that is unsustainable,
or skip micro-breaks because they feel pressured to keep up with the robot. A
gamified system can gently guide behaviour in the opposite direction by rewarding
ergonomically sound actions or recognising consistent use of safer techniques. For
example, if motion-tracking or simple posture proxies are available, the system can
quietly acknowledge when the operator keeps within recommended ranges or when
they maintain a steady, non-rushed tempo across cycles. Rather than framing
ergonomic instructions as external constraints, these cues present them as part of
the "rules of the game," making it more likely that they will be internalised. In this
sense, gamification supports both physical and psychological well-being by aligning
health-preserving behaviours with the operator’s own goals for performing well.

Performance, finally, is the dimension where the benefits of gamification must
manifest if it is to be justified in industrial environments. HRC performance is
multi-layered: it includes traditional metrics such as cycle time and defect rate,
but also the robustness of coordination, the system’s resilience to perturbations,
and the capacity of operators to learn and adapt. Gamification contributes to
these outcomes in several ways. First, by improving engagement and sharpening
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attention at critical moments, it reduces the frequency of slips and lapses that
can lead to process defects. When operators receive immediate, localised feedback
about misalignments, sequence errors, or timing mismatches with the cobot, they
can correct course before small mistakes evolve into full-fledged product defects.
Over time, this reduces variability in the process and raises the overall quality
baseline.

Second, gamification supports learning by turning everyday work into a struc-
tured practice environment. Instead of relying solely on formal training sessions,
operators receive ongoing, in-situ indications of how their performance changes
from one cycle to the next. If the system highlights improvements in consistency,
reductions in rework, or better synchronisation with robot trajectories, it creates a
natural feedback loop that accelerates skill acquisition. This is particularly valuable
in HRC, where understanding the robot’s timing, capabilities, and limitations is a
skill that develops through experience rather than instruction alone. By making
patterns of performance visible and framing them in an encouraging way, gamifica-
tion reduces the cognitive load associated with self-monitoring and helps operators
converge more quickly toward stable, efficient interaction patterns [39].

Third, gamification can enhance the system’s resilience by influencing how
operators respond to disruptions. In any real production environment, there will be
deviations from the ideal script: unexpected robot stops, component variability, or
minor technical issues. If these events are experienced purely as failures, they can
be demoralising and undermine confidence. A gamified interface can instead frame
them as challenges to be addressed, offering structured support and acknowledging
successful recovery. When a small problem is resolved, the system can recognise
not just the return to normal operation but the operator’s role in restoring it.
This approach encourages an active, problem-solving mindset, which is critical
for performance in flexible, highly automated environments. It also reduces the
psychological cost of encountering difficulties, making operators more willing to
report issues promptly rather than concealing them.

All these mechanisms enhanced engagement, strengthened motivation, supported
well-being, and improved performance are particularly relevant in the context of
Industry 5.0, where technological innovation is supposed to coexist with human-
centric values. From this perspective, gamification is not a way of "making work fun"
in a superficial sense, but a means of aligning the operator’s subjective experience
with the functional demands of HRC. By carefully designing feedback, recognition,
progression, and optional challenge into collaborative systems, designers can create
conditions in which doing the right thing working safely, attentively, and skilfully
also feels satisfying and meaningful. Self-Determination Theory suggests that
when tasks support basic psychological needs for competence, autonomy, and
relatedness, intrinsic motivation and well-being naturally follow [38]. Gamification
offers a practical toolkit for embedding these supports into the day-to-day reality
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of human-robot collaboration.

In conclusion, gamification in HRC is justified not by a desire to import enter-
tainment into the factory, but by the need to systematically support the human side
of collaboration. Engagement prevents vigilance from eroding; motivation ensures
that operators remain invested in doing the task well; well-being protects both
health and long-term commitment; and performance reflects the combined effect
of all these factors on tangible outcomes. When designed with care and grounded
in psychological theory and empirical evidence, gamification becomes a bridge
between technical excellence and human experience, ensuring that collaborative
robotics delivers benefits for both productivity and people.

5.3 Standard vs Narrative Gamification

Standard gamification represents the earliest and most widespread form of gamifica-
tion, grounded in the translation of basic game elements into non-game contexts to
shape behavior and improve outcomes. Its core components include points, badges,
leaderboards, levels, challenges, and progress bars. These elements are often re-
ferred to as "PBL" mechanics, which became the defining hallmark of gamification’s
first wave of adoption in digital platforms around 2010. The appeal of standard
gamification lies in its simplicity, scalability, and immediate visibility: behaviors
can be tracked, quantified, and rewarded in real time, offering participants a clear
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and structured sense of progress.

The psychological mechanisms underlying standard gamification are closely
aligned with principles of reinforcement and externally regulated motivation. Stan-
dard gamification operates by reinforcing desired behaviors with external cues:
awarding points for completing tasks encourages repetition, while leaderboards
introduce competitive pressure that stimulates effort. In workplace contexts, this
translates into systems where employees are rewarded for punctuality, productivity,
or accuracy, often through dashboards that make achievements visible. In education,
similar mechanics have been used to encourage attendance, homework completion,
or participation.

Points are the most fundamental mechanic, providing immediate quantification
of achievement. Their value lies not in intrinsic worth but in symbolic representation
of progress. Badges function as milestones that signify the attainment of specific
goals, while leaderboards introduce social comparison, creating strong motivational
drivers for some individuals. Levels structure progression by providing thresholds
of achievement, and progress bars serve as simple visual indicators of advancement.
Collectively, these mechanics reduce abstract goals into tangible, incremental steps
that are easy to monitor and pursue.

Standard gamification has been widely adopted across many domains. In mar-
keting, loyalty programs reward customers with points for purchases. In education,
digital platforms use badges and progress tracking to increase student engagement.
In workplace environments, productivity apps and training systems incorporate
achievements and levels to encourage consistent performance. Healthcare ap-
plications use goals, streaks, and daily progress indicators to promote exercise
and healthy habits. These examples illustrate the broad versatility of standard
gamification and the ease with which it can be integrated into existing systems.

Despite its effectiveness in producing short-term behavior change, standard
gamification has been criticized for its reliance on extrinsic motivation. Research
indicates that external rewards can undermine intrinsic motivation when perceived
as controlling rather than supportive [38]. For example, employees driven mainly by
points or leaderboards may lose interest when rewards are removed, or may focus
narrowly on rewarded behaviors at the expense of broader quality. Leaderboards
may also discourage individuals who consistently rank low or create unhealthy
competition among peers. These limitations have led to the critique that stan-
dard gamification risks becoming a superficial addition that fails to create lasting
engagement.

Still, empirical research suggests that when applied appropriately, standard
gamification can produce significant benefits. Meta-analytic evidence shows that
points, badges, and leaderboards increase engagement and performance across
multiple domains, although effects vary by context and individual characteristics
[39]. For example, while competitive structures may motivate high performers, they
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Figure 5.8: Narrative gamification [40]

may discourage others, suggesting the need for adaptive designs. Progress bars and
levels often show more consistent benefits because they align with fundamental
human tendencies toward completion and advancement.

In industrial and collaborative contexts, standard gamification has been used to
track efficiency, encourage adherence to protocols, and reduce errors. Operators
can receive points for correct execution, badges for accuracy streaks, or visible
progress indicators for assembly completion. While these implementations increase
short-term motivation and improve process stability, their long-term sustainability
depends on embedding them within deeper motivational structures. Without
meaningful context, standard gamification risks being perceived as superficial or
reductive.

Narrative gamification emerged partly in response to these limitations, offering a
richer, more intrinsically oriented approach. Instead of focusing primarily on extrin-
sic rewards, it embeds tasks within storylines, missions, and symbolic frameworks
that provide meaning and continuity. Narratives give participants roles, missions,
and identities that transform repetitive tasks into meaningful contributions to a
larger whole. This shift aligns with human tendencies to interpret actions through
stories, imbuing even simple activities with purpose and emotional resonance.

Narrative gamification reframes tasks as quests rather than isolated actions.
In workplace contexts, this might mean framing a sequence of operations as part
of a mission to build equipment for a specific client or purpose. In educational
settings, learners may take on the role of explorers or scientists acquiring knowledge
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Figure 5.9: Standard gamification

to advance their mission. Narrative framing increases immersion and persistence
because individuals become absorbed into a coherent story world, making tasks
feel significant rather than mechanical.

Role-playing is a central element. By assigning participants identities within a
symbolic or fictional context, tasks become expressions of personal meaning. In
training, an operator may adopt the identity of a "precision technician," making
accuracy and attention to detail part of the role they are performing. This
connection to identity supports intrinsic motivation by fostering competence, agency,
and personal investment [38].

Narrative gamification also relies on symbolic integration of rewards. Instead
of generic badges, rewards become narrative artifacts or meaningful milestones
that contribute to the unfolding story. This coherence gives achievements a sense
of purpose and continuity that standard gamification often lacks. Additionally,
evolving narratives can sustain engagement over long periods by introducing new
missions or chapters, counteracting the novelty decay common in PBL-based
systems. Because stories unfold progressively, they allow for long-term engagement
without escalating reward structures.

Applying narrative gamification requires more creativity and design expertise
than standard gamification, and poorly implemented narratives can feel artificial
or distracting. The challenge is to develop symbolic frameworks that enrich the
experience without overwhelming functional requirements, especially in industrial
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Figure 5.10: Standard vs Narrative Gamification

environments. When well designed, narrative gamification offers deeper engagement,
more sustainable motivation, and a more meaningful experience than systems based
solely on extrinsic incentives.

Taken together, standard and narrative gamification share the goal of enhancing
engagement and performance by applying game-inspired structures. Both rely on
feedback, progression, and recognition to shape user experience, and both benefit
from digital platforms that allow personalization and dynamism. However, they
operate through distinct motivational pathways. Standard gamification is extrinsic
and quantitative, generating short-term boosts in behavior. Narrative gamification
is intrinsic and qualitative, fostering long-term immersion and meaning.

Standard gamification excels in contexts where clarity, measurement, and rapid
feedback are essential. Narrative gamification excels in contexts requiring sustained
engagement, creativity, resilience, or identity development. In human-robot collab-
oration, both approaches have roles to play: standard gamification can enhance
accuracy and pace during assembly, while narrative structures can reduce monotony,
build trust, and strengthen the human-robot partnership.
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Hence, standard and narrative gamification represent complementary strategies
for enhancing engagement, motivation, and performance. Standard gamification
provides immediacy and structure; narrative gamification offers depth and sus-
tainability. Their integration offers the most promising path forward, particularly
in human-robot collaboration, where both immediate performance and long-term
well-being are essential.

5.4 The Goldilocks Balance: challenge vs arousal

In human-robot collaboration, optimizing performance, engagement, and well-being
requires more than simply reducing physical load or providing clearer instructions.
A deeper psychological principle is at play: the necessity of keeping operators within
an optimal zone of challenge and arousal a state often described as the “Goldilocks”
balance. This concept captures a fundamental truth of human behavior: tasks that
are too easy lead to boredom, disengagement, and reduced vigilance, whereas tasks
that are too difficult produce stress, frustration, and errors.
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Figure 5.11: Goldilocks zones [41]

The optimal point lies in between, where the task is neither trivial nor over-
whelming but instead requires focused attention and provides a sense of meaningful
challenge. This idea resonates strongly with the broader theoretical frameworks
that describe how humans experience effort and complexity. Csikszentmihalyi’s
work on flow (1990)[42] posits that people achieve their highest levels of engage-
ment and satisfaction when challenge and skill are in equilibrium. At the same
time, the classic Yerkes-Dodson law (1908)[43] shows that performance follows an
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inverted-U relationship with arousal: too little arousal leads to apathy, while too
much impairs cognitive and motor functions. Together, these theories provide the
conceptual foundation for understanding why the Goldilocks zone is critical to
effective human-robot collaboration.

The need for this balance is particularly evident in collaborative assembly
tasks, where operators must coordinate their movements with those of a robot,
monitor multiple information channels, and maintain precision across repeated
cycles. If the task demands are too low such as when the robot performs most
of the meaningful work the operator may experience a sharp decline in vigilance,
becoming a passive monitor rather than an active collaborator. This undermines
both engagement and safety, as low arousal increases the likelihood of missed cues
or delayed reactions. Conversely, if the system imposes excessive cognitive demands,
such as complex timing constraints, rapid robot movements, or high variability
in task steps, operators may enter a state of overload that elevates stress levels
and increases the risk of process defects. Inexperienced operators are particularly
vulnerable to this imbalance, as even moderate challenge may produce anxiety
when confidence or familiarity with the robot is lacking. The Goldilocks principle
therefore highlights the importance of designing collaborative systems that adjust
task difficulty and pacing to maintain operators in a state of "optimal tension"
rather than underload or overload.

Gamification plays a unique role in helping maintain this balance. Traditional
industrial systems often lack mechanisms to regulate challenge dynamically, result-
ing in repetitive tasks that drift toward monotony. Gamified structures, however,
introduce adjustable challenges, progressive difficulty curves, and adaptive feed-
back that modulate arousal in real time. For example, micro-goals and progress
indicators can prevent under-stimulation by giving operators a sense of momentum
even during routine tasks. Conversely, if physiological or behavioral indicators
reveal excessive stress for instance, repeated errors or hesitation, gamification can
reduce pressure by softening time constraints, providing additional guidance, or
offering reassuring feedback. In this way, gamification transforms challenge from
a static characteristic of the task into a dynamic parameter that can be tuned
to the operator’s state, ensuring that arousal levels remain within the optimal
performance range described by the Yerkes-Dodson curve. This adaptive quality is
a crucial component of human-centric design, as it aligns system demands with
human capacities rather than forcing humans to conform to rigid workflows.

A crucial insight of the Goldilocks principle is that optimal challenge is not
simply the midpoint between two extremes but a personalized equilibrium that
varies across individuals, contexts, and moments. What feels engaging for one
operator may feel overwhelming for another, depending on experience, familiarity
with the robot, or transient factors such as fatigue. This variability means that
collaborative systems must account for individual differences, offering pathways for
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both novices and experts to remain within their respective optimal zones. Flow
theory emphasizes that people experience deep engagement when presented with
challenges precisely calibrated to their skill level, neither too elementary nor too
advanced [42]. In HRC, this can be implemented through adaptive AR instructions
that offer more detailed guidance to beginners while providing more autonomy to
experienced operators. Similarly, cobot pacing can be modulated to give slower
operators the time they need to execute steps without pressure, while allowing
advanced operators to maintain momentum and avoid boredom.

High
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Figure 5.12: Goldilocks zone graph

Maintaining the Goldilocks balance is not only essential for engagement and
motivation but also for safety and quality. High arousal impairs fine motor control
and reduces the ability to detect subtle misalignments, which can lead to process
defects and downstream product defects. Low arousal, on the other hand, increases
the likelihood of lapses in attention, a leading cause of overlooked errors in repetitive
manual tasks. By keeping operators energized yet not overwhelmed, gamified cues
and adaptive robotic behaviors foster a stable attentional rhythm that improves
precision, reduces error rates, and enhances the consistency of outputs. This
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aligns directly with the goals of Industry 5.0, which emphasizes human well-being,
resilience, and adaptive design. A human-centric system must therefore do more
than avoid extreme stress; it must cultivate a balanced state where humans can
perform at their best without being pushed to harmful levels of cognitive strain.

From a psychological perspective, the Goldilocks zone is also the most conducive
to learning and skill acquisition, which are essential for long-term performance
in HRC environments. Tasks that are too easy do not promote growth, as they
fail to challenge existing skills. Tasks that are too difficult impair learning by
producing anxiety and cognitive shutdown. The optimal point enhances compe-
tence by encouraging operators to stretch their abilities just enough to experience
progress without discouragement. Gamification structures such as incremental
challenges, symbolic mastery rewards, and progression systems naturally support
this developmental trajectory, ensuring that learning is experienced as a rewarding
journey rather than a source of frustration. In this sense, gamification becomes not
only a motivational tool but also a scaffold for continuous skill development within
collaborative assembly.

Ultimately, the Goldilocks balance serves as an integrative framework that
links engagement, motivation, well-being, and performance, the core pillars of this
thesis. It captures why gamification is not merely an aesthetic enhancement but
a mechanism for regulating the psychological states that determine the quality
of human-robot collaboration. By maintaining operators in a balanced state
of focused arousal and meaningful challenge, gamification and adaptive systems
help ensure that HRC is not only efficient but also human-centric, safe, and
sustainable. In a production landscape increasingly shaped by the principles of
Industry 5.0, the Goldilocks principle embodies the shift from rigid automation to
intelligent, responsive, and psychologically attuned collaboration between humans
and machines.

5.5 Measuring the game experience: GEQ and
alternatives

Understanding the effectiveness of gamification in human-robot collaboration re-
quires more than simply evaluating performance outcomes such as accuracy or
cycle time. Because gamification works primarily by shaping psychological states
like engagement, enjoyment, motivation, immersion, and perceived challenge it
becomes essential to measure the game experience itself. In other words, to un-
derstand whether a gamified collaborative system is functioning as intended, one
must assess how operators actually experience the gamified elements while working
alongside robots. These experiences influence not only momentary behavior but
also long-term acceptance, well-being, and sustainable performance. For this reason,
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measurement tools borrowed from game studies and interactive media research
have become highly relevant in industrial and HRC contexts. Among these tools,
the Game Experience Questionnaire (GEQ) is one of the most widely used and
validated instruments, offering a structured method to capture users’ affective,
cognitive, and experiential responses to interactive systems [44].

The GEQ was originally developed to assess player experiences in digital games,
but its multidimensional approach makes it suitable for evaluating gamified en-
vironments, including AR-enhanced assembly and collaborative robotics. The
questionnaire captures a broad spectrum of experiential dimensions: competence,
flow, immersion, sensory and imaginative engagement, negative affect, tension,
and challenge. These dimensions map closely onto the psychological constructs
relevant to HRC, such as perceived mastery, cognitive load, stress, and atten-
tional involvement. For example, the GEQ’s assessment of flow provides insight
into whether the operator feels optimally challenged which is a critical factor in
maintaining the “Goldilocks” balance necessary for safe and effective collaboration.
Similarly, competence scales indicate whether gamification enhances feelings of skill
and agency during assembly tasks, while tension and negative affect scales reveal
whether gamified cues inadvertently create stress or confusion.

Core Module
Operator
1 2 3 4 5 6 Mean
Competence 0.60 1.00 2.80 2.00 0.00 4.00 173
Sensory and Imaginative Immersion 2.33 3.00 2.83 2.50 2.33 1.67 244
Flow 2.40 240 3.00 2.80 1.40 2.40 240
Tension-Annoyance 0.33 0.33 0.00 0.67 3.33 0.00 0.78
Challenge 1.40 1.60 1.40 1.60 3.80 0.40 1.70
Negative affect 1.00 0.00 0.00 0.75 2.00 0.50 0.71
Positive affect 1.80 1.80 3.00 2.80 0.40 2.60 207
In-Game version
Competence 0.50 1.00 3.00 2.00 0.00 3.50 1.67
Sensory and Imaginative Immersion 2.0 3.00 3.00 3.0 3.00 2.00 267
Flow 2.00 3.50 3.00 3.00 0.00 3.00 242
Tension-Annoyance 0.50 0.50 0.00 0.50 3.50 0.00 083
Challenge 2.50 3.50 2.50 2.00 3.50 1.00 250
Negative affect 0.00 0.00 0.00 1.00 2.50 0.50 0.67
Positive affect 1.50 3.00 3.00 3.00 0.00 3.00 225
Post-Game Module
Positive Experience 0.83 117 2.50 217 0.33 1.83 147
Negative Experience 0.33 033 0.33 0.00 1.83 0.33 0.53
Tiredness 1.00 0.00 0.00 0.00 0.50 0.00 025
Returning to Reality 0.33 0.33 0.33 0.00 1.33 0.00 0.39

Figure 5.13: GEQ module example [45]

One of the strengths of the GEQ is its flexibility in different task contexts. In
video games, the experience may revolve around fantasy, narrative immersion, or
aesthetic enjoyment. In industrial gamification, however, the focus shifts to clarity
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of feedback, sense of progression, emotional stability, and perceived cooperation
with automated systems. Despite this shift, the GEQ remains appropriate because
it is not bound to entertainment-specific content; rather, it measures psychological
dimensions that arise whenever humans interact with dynamic, feedback-driven
systems. This makes it an ideal tool for evaluating AR-based gamified interfaces in
HRC settings, where operators must make sense of symbolic feedback, respond to
adaptive challenges, and experience satisfaction from achieving task milestones.

However, no single tool can fully capture the complexity of game experience
in collaborative industrial environments, which differ markedly from recreational
gaming. This has led researchers to explore alternative frameworks, the most
influential of which is the GameFlow model proposed by Sweetser and Wyeth
(2005) [46]. GameFlow identifies core elements required to create enjoyable and
engaging interactive experiences: clear goals, immediate feedback, a balance be-
tween challenge and skill, control, concentration, immersion, and social interaction.
These principles align closely with what is needed in effective gamified HRC. For
instance, human-robot collaboration depends heavily on clear goals, precise and
timely feedback, and an appropriate challenge-skill match to prevent overload or
disengagement. By using GameFlow as an evaluative lens, designers can exam-
ine whether a gamified assembly interface creates a coherent and psychologically
supportive environment for operators.

Compared to the GEQ, GameFlow provides a more conceptual, design-oriented
framework rather than a standardized questionnaire. This makes it particularly
useful during early stages of system development, allowing designers to anticipate
how gamified elements will shape operator experience before deploying them
in real settings. For example, when integrating AR-based micro-goals into a
skateboard assembly task, GameFlow can guide decisions about how detailed
the feedback should be, how to pace challenges, and how to support immersion
without overwhelming the operator. While GEQ provides quantitative insight into
users’ reactions after interacting with the system, GameFlow offers qualitative
guidance that shapes the system’s experiential foundations. Together, they form
a complementary pair: GEQ measures outcomes, while GameFlow informs the
design principles that influence those outcomes.

Other evaluation approaches further expand the toolkit for assessing game ex-
perience in HRC. Experience sampling and micro-surveys can capture real-time
fluctuations in operator engagement. Behavioral metrics, such as gaze tracking,
error patterns, or time spent on individual steps provide objective indicators of how
gamified elements influence cognitive and attentional processes. Physiological mea-
sures, including heart rate variability or electrodermal activity, can reveal whether
gamified cues are stimulating optimal arousal or inadvertently generating stress.
While these methods originate from ergonomics and operator state assessment,
they interact naturally with game-experience frameworks. For example, a rise in
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tension scores on the GEQ might correspond with an increase in physiological
arousal, pointing to the need to adjust challenge levels or clarify feedback cues.

Despite the availability of alternatives, the GEQ remains particularly valu-
able because it translates subjective experience into structured data that can be
compared across systems, iterations, or user groups. In HRC, where operators
differ widely in experience, confidence, and familiarity with robots, such structured
comparison is crucial. If novice operators report low competence and high tension
on the GEQ, while experts report high flow and low negative affect, this suggests
that gamification designs may need adaptive difficulty to support varying skill
levels. Likewise, if both groups report high immersion and positive affect, this pro-
vides evidence that the gamified environment enhances psychological engagement
regardless of expertise. Through such analyses, the GEQ becomes a tool not only
for evaluation but also for guiding iterative improvements.
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Figure 5.14: GEQ different responses [47]
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The integration of GEQ and alternative frameworks aligns closely with the
human-centric goals of Industry 5.0. Measuring game experience allows designers to
ensure that gamification is not superficial but meaningfully enhances engagement,
trust, and well-being. It helps verify that challenge levels remain within the
optimal range, that feedback supports clarity rather than confusion, and that
emotional responses remain positive and sustainable. In HRC environments, where
psychological factors directly influence safety and productivity, such measurement
becomes not optional but essential. Game experience tools serve as the bridge
between design intentions and lived human realities, ensuring that gamification
truly supports and not distracts or pressures the operator.

In conclusion, measuring game experience is fundamental to understanding
the impact of gamification in human-robot collaboration. The Game Experience
Questionnaire provides a robust, multidimensional method for capturing how users
feel, think, and engage during gamified tasks, while alternatives such as the Game-
Flow model offer conceptual guidance on the design of meaningful interactive
experiences. Together, these tools allow researchers and practitioners to evalu-
ate not only whether gamification improves performance, but why and how its
psychological effects influence operator behavior, safety, and well-being. As HRC
continues to evolve toward human-centric values, structured measurement of game
experience ensures that gamification remains aligned with the needs, perceptions,
and capabilities of human operators.
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Chapter 6

Experimental Part

6.1 Technological framework: HoloLens 2, Unity
and MRTKS3

The experimental system developed for this thesis is based on a mixed reality (MR)
platform designed to support a collaborative human-robot assembly task. The
technological framework combines three main components: the Unity game engine,
the Mixed Reality Toolkit 3 (MRTK3), and the Microsoft HoloLens 2 device. This
ecosystem was selected to ensure flexibility in development, real-time interaction
capabilities, and reliable deployment in an industrial-like experimental scenario

6.1.1 Unity

Unity is a widely used real-time 3D development platform originally created for video
game production and later adopted across multiple domains, including simulation,
virtual reality (VR), augmented reality (AR), and human-computer interaction
research. Its main strength lies in the combination of a powerful rendering engine,
an intuitive visual editor, and a flexible scripting architecture.

In the context of this project, Unity was used as the core development en-
vironment for designing and implementing the entire experimental application.
Specifically, it was employed to:

e Design the 3D environment representing the assembly workspace

» Create and position virtual objects corresponding to the physical components
of the skateboard

« Develop the graphical user interface (UI), including feedback elements, progress
indicators, and visual cues
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 Implement the logic of the gamification system (e.g., step progression, feedback,
timing mechanisms)

o Manage interactions between the user, the virtual elements, and the real-world
environment

Unity was chosen because it allows rapid prototyping and iterative design, which
was essential during the development phase. Moreover, its compatibility with
mixed reality frameworks and hardware devices makes it particularly suitable for
experimental research involving immersive technologies.

6.1.2 MRTKS3

Figure 6.1: MRTK3

The Mixed Reality Toolkit 3 (MRTK3) is an open-source framework developed
by Microsoft to facilitate the creation of applications for mixed reality devices,
including HoloLens. It provides a collection of pre-built components, interaction
systems, and design patterns that simplify the development of natural and intuitive
user experiences in MR environments.

MRTKS3 was used in this project to manage all aspects related to user interaction
within the mixed reality environment. In particular, it supported:

o Hand tracking and gesture-based interaction
o Gaze-based interaction and object selection
» Spatial positioning of virtual objects within the real environment

o Interaction with Ul elements such as buttons, panels, and visual feedback
systems
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o Anchoring digital content to real-world locations

Figure 6.2: MRTK3 example scene

Without MRTKS3, implementing these interaction mechanisms from scratch
would have required significant additional development effort. By using MRTKS3,
the system benefits from interaction paradigms that are consistent with established
best practices for mixed reality usability, thereby improving both the reliability of
the experimental setup and the quality of the user experience.

6.1.3 HoloLens2

HoloLens 2 is a head-mounted mixed reality device developed by Microsoft that
enables users to interact with holographic content overlaid onto the real world.
Unlike virtual reality devices, which replace the real environment with a fully virtual
one, HoloLens 2 allows users to remain fully aware of their physical surroundings
while interacting with digital elements.

This characteristic makes HoloLens 2 particularly suitable for industrial and
assembly contexts, where users must manipulate physical objects while receiving
digital guidance. The device integrates several advanced technologies, including;:

» Optical see-through displays for rendering holograms
o Integrated hand tracking for natural interaction
o Eye tracking for attention-aware interfaces

o Spatial mapping for understanding the geometry of the environment
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Figure 6.3: HoloLens?2

HololLens 2

Figure 6.4: HoloLens features

o Inside-out tracking for stable positioning of virtual content

In this experimental project, HoloLens 2 was used as the main interface for
delivering the gamified mixed reality experience. Participants performed the
physical skateboard assembly task while wearing the device, which provided:

o Step-by-step visual guidance

o Virtual Ul elements supporting the gamification design
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o Real-time feedback on task progression

e An immersive but non-intrusive overlay that did not block interaction with
real components

The choice of HoloLens 2 was motivated by its suitability for hands-free interac-
tion and its increasing adoption in industrial training, maintenance, and assembly
scenarios. This aligns well with the broader objectives of the thesis, which aim to
explore human-centric technologies in the context of collaborative and augmented
work environments.

6.2 Skateboard assembly process

The experimental activity developed in this thesis is based on a structured collab-
orative assembly process involving the assembly of a skateboard. This product
was selected because it represents a realistic industrial-like assembly task while
remaining sufficiently understandable and manageable for participants with no
prior technical expertise. The skateboard presents a moderate level of assembly
complexity, involving multiple components, repetitive operations, and a clear se-
quential structure, making it particularly suitable for evaluating user experience,
performance, and the impact of technological interventions such as augmented
reality and gamification.

Collaborative
0\/ robot
| Feeding tray | d
Human's
work area

(a) (b)
Figure 6.5: HRC work bench

6.2.1 Product structure and components

The skateboard used in the experiment consists of a set of heterogeneous compo-
nents and fasteners, combining structural elements, rubber elements, and metallic
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components, shown in Figure 6.6. Overall, the product includes 33 elements (in-
cluding fasteners), distributed across 9 different types of components. The main
parts are the base plate (BP), trucks (TV), hangers (HNG), pivot cups (PC),
bushings (rubber rings GOG and GOP), metallic rings (PMG and PMP), wheels
(RT), and three different types of bolts and fasteners (BL1+DD1, BL2+DD2,
DD3+RD). This composition results in a realistic scenario where participants must
manage part recognition, orientation, sequencing, and tightening operations. The
presence of multiple similar components (e.g., several wheels, repeated tightening
operations, repeated placement of washers and bushings) makes the task cognitively
non-trivial, especially for inexperienced users, and introduces a natural risk of
confusion, omission, or incorrect sequencing. These characteristics are particularly
valuable in an experimental context focused on workload, engagement, and error
analysis.

[~ -] o RS

Figure 6.6: Skateboard components

6.2.2 Overall assembly logic

From a procedural perspective, the skateboard assembly process can be decomposed
into a sequence of elementary tasks involving part picking, positioning, insertion,
and fastening. The complete process is articulated into 46 elementary tasks when
modeled in detail, alternating between manipulation actions (pick and place),
insertion actions (mounting components in sequence), and tightening actions
(screwing fasteners). Conceptually, however, the process can be grouped into four
macro-phases (Figure 6.7) that are easier to understand from a participant’s point
of view:

1. Assembly of the first truck on the baseplate: this phase includes the positioning
of bushings, washers, hanger, and tightening of the first set of bolts.
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2. Assembly of the second truck on the baseplate: this mirrors the first phase
and requires repetition of similar actions, increasing the relevance of learning
effects and attention consistency.

3. Mounting the trucks onto the board and final tightening: here participants
must align the trucks correctly and perform longer screwing actions, which
are among the most time-consuming and physically demanding steps.

4. Wheel assembly on the axles: the final phase consists of repetitive mounting
of wheels, washers, and nuts, again requiring attention to sequence and correct
tightening.

This organization makes the process particularly appropriate for studying both
performance (time, errors) and subjective experience, because it includes repetition,
progressive familiarization, and potential fatigue effects.

(a) Phase 1-2 (b) Phase 3 (c) Phase 4

Figure 6.7: Sequential stages of the skateboard assembly process used in the
experimental task.

6.2.3 Relevance for the experimental study

The skateboard assembly process presents several characteristics that make it well
aligned with the objectives of this thesis:

o It requires procedural understanding, not just mechanical execution.

o It includes repetitive actions, enabling the observation of learning and adapta-
tion effects.
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o It naturally generates measurable performance metrics, such as total comple-
tion time and number of errors.

o It includes phases that are more cognitively demanding and others that are
more mechanical, supporting the evaluation of workload and engagement
variations.

Moreover, the structure of the task allows a direct comparison between different
experimental conditions, since the same sequence can be executed both with and
without technological support, maintaining full experimental consistency.
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Chapter 7

Design and Development of
the Gamified AR Experience

7.1 Design goals and "speed-run" approach

The design of the experimental system was driven by a clear conceptual objective:
transforming a standard assembly task into an experience that could be perceived as
engaging, challenging, and intrinsically motivating, without compromising realism
or usability. Rather than focusing on instructional guidance or procedural assistance,
the system was deliberately conceived as a gamified experience centered around the
idea of challenge. The core design metaphor adopted for this purpose was inspired
by the concept of the “speed run”, commonly found in video game culture.

A speed run refers to a mode of gameplay in which the primary objective is
to complete a task as efficiently as possible, typically within a time constraint.
This paradigm was chosen because it naturally translates into the context of
manual assembly: the task already has an objective endpoint (completion of the
skateboard), it is measurable in terms of performance (time and errors), and it
allows participants to experience a clear sense of progression. Importantly, the
speed-run concept does not require artificial narratives or fictional mechanics to
function; instead, it builds upon the intrinsic structure of the task itself. This made
it particularly suitable for an experimental scenario aiming to preserve ecological
validity while still introducing a gameful layer.

The overarching design goal was therefore not to teach the assembly process,
but to create an environment in which participants would experience the task as a
performance challenge. The system was designed to stimulate focus, engagement,
and sustained attention by framing the activity as a timed challenge with continuous
feedback. This conceptual choice aligns with the idea of meaningful gamification
discussed in the theoretical part of the thesis: the task itself remains authentic,
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while the experience is shaped through feedback, pacing, and perception of challenge
rather than through external rewards or artificial game layers.

From a psychological perspective, the speed-run approach was intended to
activate a balance between challenge and skill. Participants are not passively
guided through the task but are encouraged to perform actively, efficiently, and
consistently. The presence of time pressure, progress awareness, and performance
feedback was conceived to foster a state of focused engagement similar to what is
often described as task immersion. Unlike instructional AR systems that emphasize
correctness through step-by-step guidance, this approach places the participant in
an active role, emphasizing agency and performance.

P GameScene

(a) Unity hierarchy (b) Single Task inspector

Another important design objective was coherence with the experimental com-
parison. Since participants perform both a non-gamified version of the task and
a gamified version, the conceptual difference between the two conditions needed
to be clear. The non-gamified condition represents the task in its neutral form:
an assembly process executed without gameful framing. The gamified condition,
by contrast, introduces the speed-run logic as the primary experiential difference.
This makes the comparison meaningful: any differences in engagement, perceived
workload, emotional response, or performance can be reasonably attributed to the
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experiential layer introduced by the gamified design rather than to changes in task
structure.

In line with the conceptual approach, the structure of the application was ex-
plicitly aligned with the structure of the physical assembly process. The experience
was therefore organized into five main phases, corresponding to the five macro-steps
of the skateboard assembly procedure. Each phase represents a coherent unit
of action (e.g., truck assembly, board mounting, wheel mounting) and is treated
within the application as a distinct segment of the overall challenge. This design
choice was intentional: rather than presenting the task as a single continuous
activity, the experience is structured into meaningful stages that reflect the real
workflow. This allows participants to perceive progression, maintain orientation
within the task, and experience the assembly as a sequence of performance moments,
while preserving the authenticity of the industrial process. The application does
not modify the physical procedure but mirrors its structure to ensure conceptual
consistency between the digital experience and the real-world task.

7.2 Visual feedback elements

A central aspect of the experimental system is the use of visual feedback to shape
the participant’s experience and reinforce the speed-run paradigm introduced in
the previous section. The application does not provide step-by-step instructional
guidance; instead, it communicates performance, progression, and achievement
through a set of carefully designed visual elements. These elements were conceived
to support engagement and challenge without altering the underlying task structure.

The visual feedback system is composed of three main components: a global

' Stand in front of the robot and say “Next" |
to proceed to the next step

Figure 7.2: MR application initial setup

and a step timer, a progress indicator, and contextual or motivational messages.
Together, these elements form the core of the gamified experience and represent
the primary difference between the non-gamified and gamified conditions.
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7.2.1 Timer and performance awareness

The timer represents the most explicit embodiment of the speed-run concept. From
the beginning of the task, participants are made aware that time is a meaningful
variable and that their performance is implicitly linked to their ability to complete
the assembly efficiently. Rather than functioning as a strict constraint, the timer
acts as a continuous reference that encourages focus and sustained attention
throughout the task.

Step Timer

13:67

Game Timer

134:73

(a) Green Step Timer (b) Yellow Step Timer (c) Red Step Timer

Figure 7.3: Timers appearance

From a design perspective, the timer was intentionally kept simple and readable.
Its purpose is not to generate stress through complexity, but to create a constant
sense of pacing. Participants are therefore encouraged to self-regulate their per-
formance, balancing speed and accuracy according to their own perception. This
design choice supports agency rather than control, reinforcing the idea that the
participant is an active performer rather than a passive executor of instructions.

In addition to the global timer, the application also includes a step-based timing
system directly linked to the five phases of the assembly process. Each phase of
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the experience is associated with its own step timer, which starts automatically
when the corresponding task begins and stops when the phase is completed. This
design choice reinforces the speed-run paradigm by transforming each phase into a
self-contained performance segment, rather than treating the experience as a single
undifferentiated activity.

The step timer provides more granular performance awareness, allowing par-
ticipants to perceive not only their overall time but also their pacing within each
task. Importantly, this timer does not impose explicit constraints or instructions;
instead, it acts as a subtle motivational cue that encourages self-regulation and
sustained focus.

To further support intuitive interpretation, the visual appearance of the step
timer changes dynamically over time, as displayed in Figure 7.3. At the beginning of
each phase, the timer is displayed in green, conveying a sense of calm and control. As
time progresses, the color gradually shifts to yellow and eventually to red, signaling
increasing urgency. This visual progression is inspired by widely recognized color
semantics and allows participants to perceive temporal pressure without the need
for explicit verbal instructions. The use of color therefore becomes an additional
non-intrusive feedback mechanism that reinforces the challenge dimension of the
experience while remaining consistent with the overall design philosophy.

From a technical perspective, both the global timer and the step timers were
implemented as dynamic UI elements within Unity and subsequently adapted
using MRTK3 components to ensure readability, spatial stability, and ergonomic
placement within the HoloLens environment.

7.2.2 Progress bar and sense of advancement

In addition to the timer, a progress bar was introduced to visually represent
the participant’s advancement through the overall task. The progress bar does
not provide procedural guidance but instead offers a continuous overview of task
completion. This allows participants to situate themselves within the broader
structure of the experience and reinforces the perception of meaningful progression.

The inclusion of a progress bar serves multiple functions. First, it provides
motivational feedback by making progress visible and tangible. Second, it helps
reduce uncertainty about task duration, which can otherwise negatively affect
perceived workload. Third, it supports engagement by transforming the assembly
into a sequence of milestones rather than a single undifferentiated activity.

From an implementation perspective, the progress bar was developed within
Unity as a dynamic Ul component whose value updates based on task progression.
Its visual appearance was then refined using MRTK3 UI prefabs to ensure that it
remained readable, stable, and non-intrusive when viewed through the HoloLens.
Particular attention was given to its spatial positioning to avoid occluding the
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physical workspace while still remaining visible. The progress bar appearance is
displayed in Figure 7.4.

Figure 7.4: Progress Bar Advancement

7.2.3 Contextual messages and achievement feedback

The third key component of the visual feedback system consists of contextual
messages displayed during specific moments of the experience. These messages
serve a dual function: reinforcing motivation and acknowledging achievement.
Examples include encouraging feedback during the task and celebratory messages
upon completion, such as a final message explicitly recognizing the participant’s
performance.

Unlike traditional instructional AR systems, these messages do not provide
guidance on how to perform the task. Instead, they are designed to influence
the emotional and motivational experience. Their role is to create a sense of
accomplishment, reinforce competence, and provide closure to the activity.

This design choice reflects the conceptual framework of the experiment: the
system does not attempt to teach or correct the user but rather to shape the expe-
rience around challenge and performance. Messages such as a final congratulatory
feedback represent symbolic recognition, similar to achievement systems in digital
games, while remaining coherent with the industrial tone of the task.

From a technical perspective, these messages were implemented as Unity Ul
elements triggered by specific conditions within the application logic (e.g., reaching
certain milestones or completing the task) and ultimately adapted to MRTK3
graphic.
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Perfect rhythm!

YOU ARE A MOUNT MASTER!

2.0

(g) Informational message (h) Motivational message

Figure 7.5: Contextual and motivational messages shown during the assembly
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7.3 Next Button and Speech recognition

A key design decision in the development of the experimental application was to
preserve explicit user control over task progression. Rather than fully automating
the transition between phases, the system was designed so that participants actively
decide when to move to the next step of the experience. This choice was motivated
by considerations of usability, safety, and user agency, which are particularly
relevant in mixed reality industrial contexts.

To support this principle, two complementary interaction modalities were im-
plemented: a manual control through a virtual “Next” button and a voice-based
command using speech recognition. Both modalities trigger the same system
behavior, namely the transition to the subsequent step of the application, but they
provide flexibility depending on the user’s situation and preference.

The manual interaction modality is implemented through a virtual button labeled
“Next”, created within Unity and refined using MRTK3 components (Figure 7.7).
The button is positioned within the user’s field of view in a way that makes it
accessible but non-intrusive, allowing participants to interact with it using standard
HoloLens interaction methods. The design of the button follows consistency
principles with the rest of the interface: it is visually simple, easily recognizable,
and does not interfere with the physical workspace. This ensures that users can
advance through the experience without cognitive overload or confusion.

Figure 7.6: Next button layout

In parallel, a voice interaction modality was introduced to enable hands-free
control. Through this mechanism, participants can simply pronounce the command
“Next” to trigger the transition to the subsequent step. This feature is particularly
relevant in an assembly context, where users often have both hands occupied with
physical components and may not be able or willing to interrupt their actions to
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interact with a virtual button. The inclusion of speech input therefore enhances
accessibility and naturalness of interaction, allowing the system to adapt to the
user rather than forcing the user to adapt to the system.

® |ighting

*  Dictation

Untagoed

Transform

Dictation Engine (Script)

List Is empty

« Speech Recognition Listener (Script)

on Engine)

Figure 7.7: Dictation system settings

From a conceptual perspective, the coexistence of manual and vocal control rein-
forces the human-centered nature of the application. The system does not dictate
pacing but instead places the participant in control of progression, respecting
individual differences in rhythm, confidence, and comfort. Some users may prefer
the tactile confirmation of pressing a button, while others may find voice commands
more intuitive and efficient. By offering both options, the application supports
flexibility and inclusivity.

Overall, the inclusion of multimodal interaction through button and voice
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control represents an essential aspect of the experimental system. It strengthens
usability, preserves operator agency, and aligns the application with best practices
in mixed reality interaction design, reinforcing the coherence between technological
implementation and the human-centered principles that underpin the entire project.

7.3.1 Leaderboard and Name Input Interface

To reinforce the speed-run inspired design of the application, a leaderboard system
was implemented to provide users with a clear and tangible representation of
performance outcomes. The leaderboard was conceived not as a competitive
ranking tool in a strict sense, but as a lightweight feedback mechanism aimed at
increasing motivation and reinforcing the sense of achievement at the end of the
experience. The leaderboard is displayed in Figure 7.8, while the keyboard in
Figure ?77?.

Cancel

04:31.986

A

(a) Keyboard layout (b) Keyboard layout (Unity scene)

At the conclusion of the assembly process, users are prompted to enter their
name through a virtual keyboard displayed in the mixed reality environment.
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This interaction was implemented using native MRTK3 UI components, ensuring
consistency with the overall interface design and full compatibility with hand-
tracking interaction on HoloLens 2. The keyboard allows users to input their name
directly in the augmented workspace without breaking immersion or requiring
external devices.

Once the name is confirmed, the system associates it with the total completion
time recorded by the global game timer. The resulting entry is then visualized in
the leaderboard panel, which displays a ranked list of names and corresponding
completion times. This design choice supports the speed-run concept by making
performance outcomes explicit while avoiding excessive pressure or complex com-
petitive mechanics. The leaderboard remains visible in the scene as a contextual
reference, reinforcing the idea of progression and mastery without dominating the
experience.

Leaderboard
Leaderbo

(a) Players list layout (b) Players list layout (Unity scene)

Overall, the leaderboard and name input interface complete the gamified loop
of the experience. By allowing users to see their results contextualized within a
simple ranking structure, the system closes the interaction cycle with a moment of
reflection and recognition, consistent with the intended balance between motivation,
engagement, and usability.

7.3.2 Audio and Soundtrack Design

The application also integrates a structured audio layer designed to reinforce pacing,
engagement, and perceived progression during the assembly task. Sound was not
treated as a decorative element but as an integral component of the gamified
experience, supporting rhythm, attention, and motivational framing across the five
assembly steps.

Two main categories of audio were implemented: background music tracks
associated with each assembly step and short voice/audio cues used as contextual
and motivational feedback.

Each assembly step is associated with a dedicated music track selected to
maintain a steady tempo and a moderate-to-high energy level. The goal was
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to support the “speed-run” conceptual approach described earlier, encouraging
continuous forward movement and reducing perceived monotony. Tracks such as
Back On Track, Base After Base, Dream Speedrun Music, and other focus-oriented
or rhythm-driven sound loops were used to create a consistent sense of motion and
task continuity. Audio transitions occur automatically when the system moves to
the next step, reinforcing the perception of progression and stage completion.

In addition to background music, short audio cues and voice lines were integrated
to accompany key events. These include informational confirmations (e.g., assembly
completion cues) and motivational reinforcements (e.g., step success acknowledg-
ments and mastery-oriented phrases). These sounds are triggered by system events
such as step completion or milestone achievements and are synchronized with the
visual feedback messages shown in the interface.

From a technical perspective, audio sources were managed in Unity through
dedicated Audio Source components linked to step-state logic. Playback was con-
trolled via event triggers associated with step transitions and completion conditions.
Volume levels were kept moderate to avoid distraction and to remain compatible
with a laboratory and collaborative robotics environment.

e
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(a) Audio source hierarchy
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Chapter 8

Experimental Design

8.1 Experimental setup

The experimental setup was designed to evaluate the impact of a gamified mixed re-
ality interface on user experience and task performance during a structured assembly
activity. The selected task was a simplified skateboard assembly, organized into five
sequential steps, each representing a distinct mounting phase. This task was chosen
because it is modular, repeatable, and sufficiently articulated to allow timing, error
tracking, and step-based feedback without introducing excessive technical difficulty.

The experiment was conducted using a real physical workstation equipped with
all required skateboard components (Figure 8.1) and standard mounting tools, as
shown in Figure 8.5 and Figure 8.3. Participants performed the assembly on a
table-based station where all parts were pre-arranged in consistent positions across
trials. The physical layout remained unchanged throughout the study to ensure
comparability between experimental conditions.

A custom mixed reality application developed for this thesis was used in the
augmented condition. The application structured the experience into the same five
assembly steps as the physical process and overlaid digital interface elements aligned
with task progression. During execution, participants could see step-related visual
feedback, timing indicators, progress elements, and short contextual or motivational
messages directly in their field of view.

Two conditions were defined. In the non-gamified condition, participants com-
pleted the skateboard assembly using only the physical components and tools,
without digital support. In the gamified mixed reality condition, participants
performed the same assembly while using the mixed reality application, which
introduced step timers, global timing, progress visualization, motivational feedback
messages, audio cues, and interactive controls for advancing between steps.
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(a) Skateboard Components (b) Skateboard assembly completion

i

o il

' A’ i)

Figure 8.1: Skateboard overview

Figure 8.2: Workstation layout

The task structure, component set, and workstation configuration were identical
in both conditions. The only variable factor was the presence of the mixed reality
gamified interface. This controlled difference allowed the comparison to focus
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(a) HRC robot front view (b) HRC robot side view

Figure 8.3: Robot overview

specifically on the experiential and behavioral effects of the gamified digital layer.

The setup was intentionally designed to remain simple and reproducible, consis-
tent with the exploratory nature of the study and the limited number of participants.
At the same time, it preserved enough task structure and interaction richness to
generate meaningful measures of time, errors, perceived workload, engagement,
and user experience.

8.2 Participants

Five participants took part in the experimental study. All participants were male
and aged between 23 and 30 years. They were recruited on a voluntary basis
and represented a convenience sample consistent with the exploratory nature of
the experiment. All subjects were informed about the purpose of the study and
the structure of the task before participation, and they agreed to take part after
receiving a verbal explanation of the procedure.

None of the participants reported significant prior experience with mixed reality
systems, virtual reality devices, or Unity-based applications. Their familiarity with
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immersive technologies such as head-mounted displays was limited to occasional
exposure rather than regular use. This aspect was considered relevant, as the study
aimed to evaluate the effect of a gamified mixed reality interface also on relatively
inexperienced users.

From a gaming perspective, participants could be classified as casual gamers.
They reported occasional interaction with video games but not structured or com-
petitive gaming habits. This profile was considered appropriate for the experiment,
since the gamification layer was designed to be intuitive and not dependent on
advanced gaming literacy.

All participants had normal or corrected-to-normal vision and reported no
motor limitations that could affect manual assembly performance. Each participant
completed both experimental conditions: the non-augmented assembly condition
and the gamified mixed reality condition using HoloLens. To reduce order effects
and learning bias, the execution order of the two conditions was alternated across
participants. Some participants performed the assembly first without mixed reality
support and then with the gamified interface, while others followed the opposite
sequence.

The limited sample size and homogeneous demographic profile are consistent
with the preliminary and exploratory scope of the study, which aims to provide
an initial evaluation of feasibility, usability, and experiential differences between
conditions rather than statistically generalizable results.

The participants characteristics are reported in Table 8.1.

Table 8.1: Partecipants characteristics

’ 1D \ Age \ Gender \ VR experience \ Gaming experience

P1 24 Male Low Low
P2 | 26 Male Low Moderate
P3| 26 Male Low Low
P4 | 32 Male Low High
P5| 24 Male Low Low

8.3 Experimental conditions

Two experimental conditions were defined in order to compare a traditional assembly
experience with a gamified mixed reality supported experience. The physical task,
workstation layout, components, and tools remained identical across conditions.
The only difference between conditions was the presence or absence of the mixed
reality gamified interface delivered through HoloLens 2.
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b/

(c) P5 with hololens (d) P5 without hololens

Figure 8.4: Participants 1 an% % during experimental campaign
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In the non-gamified condition, participants performed the skateboard assembly
using only the physical components and tools available at the workstation. No
digital interface, timing system, progress indicators, audio feedback, or motivational
messages were provided during execution. Participants relied exclusively on their
prior training and memory of the assembly sequence demonstrated before the
experiment. The task environment remained quiet and neutral, without additional
sensory or informational stimuli.

In the gamified mixed reality condition, participants performed the same assem-
bly task while wearing HoloLens 2 and using the custom-developed application
described in the previous sections. The application structured the assembly into
five steps and continuously displayed interactive interface elements aligned with
task progression. A dual timing system was active throughout execution: a global
timer measuring the total duration of the assembly and a step timer associated
with each task phase. The step timer dynamically changed color from green to
yellow to red as time progressed, providing immediate visual pacing feedback.

A visual progress bar was also visible for the entire duration of the assembly,
indicating overall advancement across the five-step structure. Contextual and
motivational messages were triggered at predefined milestones, including both
informational prompts and performance-oriented feedback messages. Each assembly
step was associated with a distinct background soundtrack designed to reinforce the
“speed run” challenge atmosphere of the experience. Audio feedback and music were
present only in the gamified condition. Interaction with the system was supported
through both a virtual “Next” button and a voice command, allowing participants
to advance to the following step using either hand interaction or speech input.
At the end of the experience, a leaderboard-style summary screen displayed the
final performance time. Each participant completed two repetitions per condition,
resulting in four assembly trials per participant. In both conditions, the same
measurements were collected: task completion times, observed errors, and post-task
questionnaire responses. Questionnaires were administered after each condition,
resulting in two questionnaire sets per participant.

8.4 Experimental Procedure

The experimental procedure was designed as a controlled within-subject study in
which each participant completed the assembly task under both conditions: non-
gamified and gamified mixed reality. The full session for each participant consisted
of an introduction phase, a guided training phase, followed by four measured
assembly trials and repeated questionnaire administration.

At the beginning of each session, participants received a verbal introduction
explaining the purpose of the activity and the structure of the skateboard assembly
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Figure 8.5: Diagram of the experimental procedure

task. The workstation layout, components, and required mounting sequence were
presented. At this stage, no performance measurements were recorded. The goal
of this phase was to ensure that all participants started the experiment with a
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comparable understanding of the assembly process.

A dedicated training phase followed. During training, the experimenter demon-
strated the skateboard assembly step by step using the real components. Par-
ticipants were shown the correct sequence of operations and critical mounting
details. In addition, they were introduced to the mixed reality application and its
interaction logic, including visual interface elements, timing indicators, progress
bar, messages, virtual button, and voice command for step advancement. This
ensured that unfamiliarity with the interface would not dominate performance
during measured trials.

After training, participants performed the measured assembly trials. Each
participant completed two repetitions in the non-gamified condition and two
repetitions in the gamified mixed reality condition, for a total of four trials per
participant. To reduce order and learning effects, the sequence of conditions was
alternated across participants. Some participants began with the non-gamified
condition and then proceeded to the mixed reality condition, while others followed
the opposite order.

Each assembly trial was treated as an independent run. For every trial, total
completion time and observed assembly errors were recorded. Immediately after
each condition, participants completed the full questionnaire set, including workload,
affective state, engagement, and, when applicable, cybersickness measures. This
immediate post-trial administration was chosen to reduce recall bias and capture
subjective experience while still fresh.

Between trials, short pauses were allowed to avoid excessive fatigue and to reset
the workstation to identical initial conditions. The physical layout of components
was restored before each repetition to maintain consistency across runs.

At the end of the fourth trial, participants were invited to provide brief informal
feedback about the experience, the interface, and the perceived differences between
conditions. These comments were collected as qualitative support material for
interpreting quantitative results.

8.5 Data Collection and Measures

Data collection focused on both objective performance indicators and subjective
experiential measures, in order to capture the impact of the gamified mixed reality
condition from multiple perspectives. All measurements were collected separately
for each assembly trial, resulting in four data records per participant, corresponding
to the two repetitions per condition.

Objective performance data included game completion time and observed as-
sembly errors. Total assembly time was measured for each trial from the start
of the first mounting action to the completion of the final wheel fixation. In the
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(b) P4

Figure 8.6: Participants interacting with leaderboard

gamified mixed reality condition, timing values were also internally tracked by the
application through both global and step timers. In the non-gamified condition,
timing was recorded externally using a stopwatch-based measurement procedure.
Step durations were noted to enable fine-grained comparison across phases of the
assembly process.

Assembly errors were recorded through direct observation during task execution.
Errors were classified using a predefined set of categories derived from prior assembly
studies, including wrong part selection, wrong screw, wrong part positioning,
incorrect assembly, wrong step order and dropping parts. Each occurrence was
logged per trial. This allowed a descriptive comparison of error frequency and
distribution between conditions.

In addition to objective metrics, subjective measures were collected using stan-
dardized questionnaires administered immediately after each trial. Perceived
workload was measured using the NASA Task Load Index (NASA-TLX), which
captures mental, physical, and temporal demand, perceived performance, effort,
and frustration. Affective response was measured through the Self-Assessment
Manikin (SAM), using the valence, arousal, and dominance dimensions to capture
emotional reaction to the task experience.
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Game-related engagement was measured using the Game Engagement Question-
naire (GEQ), selected to evaluate the experiential impact of the gamified interface
and challenge-based interaction structure. Since one experimental condition in-
volved mixed reality technology, a Cybersickness Questionnaire was additionally
administered after trials performed with HoloLens, in order to detect any discomfort
symptoms related to device usage.

All questionnaire responses were collected immediately after each assembly
condition to minimize recall bias and preserve experiential accuracy. Data were
recorded in structured digital form and later organized into a unified spreadsheet
dataset for descriptive analysis and cross-condition comparison.

The questionnaire links used are:

e Google Form: Google Form link
« NASA TLX: NASA TLX link

Given the exploratory nature of the study and the limited sample size, the anal-
ysis approach was defined as primarily descriptive, focusing on trends, differences
between conditions, and consistency across participants rather than inferential
statistical generalization.
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Chapter 9

Results Collected

9.1 Overview of Collected Data

This chapter presents the results obtained from the experimental study conducted
to compare a standard assembly condition with a gamified mixed reality condition
based on HoloLens 2. The goal of the analysis is not to produce statistically
generalizable conclusions, given the small sample size, but to provide a structured
and descriptive comparison between the two conditions and to highlight emerging
patterns related to performance, engagement, workload, and user experience.

9.1.1 Error Analysis

Error analysis was conducted to evaluate assembly quality across the two experimen-
tal conditions: the non-gamified condition (no HoloLens support) and the gamified
mixed-reality condition (HoloLens-based interface). In addition to completion time,
assembly errors represent a critical indicator of process performance, since they
reflect execution accuracy, procedural understanding, and operator attention during
the task.

To ensure consistency in classification, error types were defined according to
established assembly-error taxonomies used in human-robot collaborative assembly
studies. Errors were categorized at the process level, meaning that they refer to
deviations occurring during task execution rather than only final product defects.
This approach allows more granular observation of where and how the assembly
procedure breaks down.

The adopted error categories are summarized in Table 9.1, where each error
type is associated with a short operational definition used during observation and
annotation of participant performance.
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Table 9.1: Assembly error categories and operational definitions adopted in the
experiment

’ Error Category \ Operational Definition ‘
Wrong part selection The participant selects a component different
from the one required for the current assembly
step.
Wrong screw An incorrect screw or fastening element is used

for the intended mounting point.
Wrong part positioning | A correct component is used but placed in the
wrong position or alignment.

Incorrect assembly Components are assembled incorrectly despite
correct selection, resulting in improper configu-
ration.

Wrong step order Assembly steps are executed in a sequence dif-

ferent from the defined procedure.

Premature step confirma- | The participant advances to the next step before
tion correctly completing the current one.
Dropping parts A component is unintentionally dropped during
handling or mounting.

During each trial, errors were recorded through direct observation and annotated
immediately after task completion. The same classification criteria were applied to
both experimental conditions in order to maintain comparability. When multiple
errors of the same type occurred within a single trial, each occurrence was counted
separately.

Table 9.2 reports the total number of observed errors per participant and per
condition. For clarity, results are shown separately for the non-gamified and
gamified conditions, allowing a direct descriptive comparison of error frequency
across interaction modes.

Table 9.3 reports the error distribution by category and experimental condition.
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Table 9.2: Total number of observed errors per participant and condition

] Participant \ No-HoloLens \ Gamified MR ‘

P1 12 7
P2 5 9
P3 11 6
P4 14 9
P5 3 10
Total 45 41

Table 9.3: Error distribution by category and experimental condition

] Error Category \ No-HoloLens \ Gamified MR ‘

Wrong part selection 10 8
Wrong screw 8
Wrong part positioning 5)
Incorrect assembly 6
Wrong step order 8
/

8

Premature step confirmation
Dropping parts
Total 45 41

=] O DN OO | I

9.1.2 Performance Metrics

In addition to error frequency, task performance was evaluated through objective
time-based metrics collected during each assembly trial. Completion time represents
a direct and interpretable indicator of execution efficiency and provides a useful
comparison between the non-gamified manual condition and the gamified mixed
reality condition supported by HoloLens 2.

For each trial, the total assembly time was recorded from the beginning of
the procedure to the completion of the final step. Measurements were taken
using the same timing method across all participants and conditions to ensure
consistency. Each participant performed two repetitions per condition, allowing
within-subject comparison while reducing the influence of random fluctuations in
individual execution speed.

Table 9.4 reports the recorded completion times for each participant under both
experimental conditions. For clarity, values are presented per trial and can also
be aggregated as condition averages. This structure supports a direct descriptive
comparison between standard assembly and gamified mixed-reality assembly.

The time metric is particularly relevant in this study because the gamified
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Table 9.4: Assembly completion time (in seconds) per participant, condition, and
trial

Participant No-HoloLens Gamified MR

Trial 1 ‘ Trial 2 ‘ Mean | Trial 1 ‘ Trial 2 ‘ Mean

P1 316 286 301 349 329 339

P2 309 243 276 323 281 302

P3 293 262 278 288 273 281

P4 301 278 290 289 283 286

P5 276 254 265 326 288 307
Mean 299 265 282 315 291 303

interface was intentionally designed around a challenge-oriented pacing model
inspired by speed-run logic. Timers, step-based countdowns, and continuous
progress feedback were introduced not merely as visual elements but as behavioral
regulators intended to encourage steady pacing and sustained focus throughout
the assembly sequence. For this reason, completion time is interpreted not only as
a productivity indicator but also as a behavioral outcome influenced by interface
design.

When interpreting time results, it is important to consider that faster completion
is not automatically equivalent to better performance if associated with increased er-
ror rates. Therefore, time metrics should be read in conjunction with the previously
reported error analysis. The joint interpretation of time and accuracy provides a
more balanced view of performance differences between the two conditions.

9.2 Questionnaire Results

9.2.1 NASA-TLX — Perceived Workload

Perceived workload was evaluated after two trials per condition using the NASA-
TLX questionnaire. This instrument provides a multidimensional subjective assess-
ment of task demand across mental, physical, and temporal dimensions, as well as
perceived effort, performance, and frustration. In the context of this study, NASA-
TLX was used to compare how demanding the assembly activity was perceived
under the non-gamified condition and under the gamified mixed reality condition.
Participants completed the questionnaire immediately after the two trials in order
to reduce recall bias and capture condition-specific perceptions. Scores were then
aggregated per condition for descriptive comparison. The link used for the experi-
ment is: NASA TLX link.

Table 9.5 reports the NASA-TLX overall scores per participant and condition.
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Table 9.5: NASA-TLX overall workload scores per participant and condition

] Participant \ No-HoloLens \ Gamified MR ‘

Pl 38,33 20,33
P2 26,66 4,999
P3 25,66 72,66
P4 28,66 48,99
P5 16,66 22,33

Mean 2719 33,86

9.2.2 SAM — Emotional Response

Participants’ emotional response to the assembly activity was assessed using the
Self-Assessment Manikin (SAM) scale after each experimental condition. The
instrument captures three affective dimensions such as valence, arousal, and domi-
nance, allowing a compact evaluation of how participants emotionally experienced
the task under standard and gamified mixed-reality settings.

The questionnaire was administered once after the two repetitions of each
condition. Scores were recorded separately for valence, arousal, and dominance
and then compared across conditions. Table 9.6 summarizes the SAM ratings per
participant and condition. The scores range from 1 to 9.

Table 9.6: SAM emotional ratings per participant and condition

Participant Valence Arousal Dominance
NoMR \ MR | NoMR \ MR | NoMR \ MR

P1 6 7 4 8 6 7

P2 5 9 6 9 7 9

P3 6 8 4 8 9 8

P4 3 8 3 8 6 6

P5 5 8 3 9 7 7
Mean 5 8 4 8,4 7 7,4

These measures complement workload and performance metrics by providing an
affective perspective on the assembly experience, helping to identify whether the
gamified mixed-reality environment altered not only efficiency and engagement but
also emotional perception of the task.
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9.2.3 Game Engagement Questionnaire (GEQ)

Engagement and perceived involvement in the activity were measured through a
Game Engagement Questionnaire (GEQ) administered after each experimental
condition. The questionnaire included items related to immersion, enjoyment,
perceived challenge, boredom, and time perception during the task.

Participants rated each statement using a Likert scale. The questionnaire was
administered once after the two repetitions of each condition (non mixed-reality
and mixed-reality gamified). Responses were recorded separately for each condition
to enable direct comparison of engagement levels.

Table 9.7 reports the GEQ item scores collected for each participant under both
conditions. The scores range from 1 to 9.

Table 9.7: GEQ item scores per participant and condition

[P [WT [ EXH [ PRD | USELESS [ IMM | BOR | FORG | CHAL | VICT | TIME [ ENG | INV | ENJ |

No-Hololens
P1 4 2 5 5 4 3 2 2 2 2 6 6 4
P2| 5 1 6 4 5 3 6 2 5 3 3 2 5
P3| 5 1 5 5 2 5 5 1 2 1 3 1 4
P4 4 1 4 5 5 6 2 4 2 4 4 3 3
P5 5 1 2 5 2 5 3 2 1 2 2 1 3
MR Gamified
P1 2 1 7 3 9 1 8 8 7 8 7 7 8
P2| 2 1 8 2 9 3 8 5 6 9 7 8 9
P3| 3 1 8 5 8 2 7 8 8 8 5 6 7
P4| 2 3 4 2 7 2 7 8 6 8 7 7 8
P5| 2 3 5 3 8 2 7 8 6 8 7 8 8

9.2.4 Cybersickness Questionnaire

Possible discomfort related to mixed reality usage was assessed through a Cyber-
sickness Questionnaire administered after the MR gamified condition only. The
questionnaire included items covering physiological and perceptual symptoms com-
monly associated with head-mounted displays, such as dizziness, nausea, visual
strain, and general discomfort.

Table 9.8: Cybersickness questionnaire scores (MR condition only)

[ P [STO [ SAL | DISC [ FAT [ HEAD [ SWEAT [ BLUR [ VERT [ DIZZ [ NAUS [ EYE | FOCUS |

P1 0 0 0 0 0 0 0 0 0 0 1 0
P2 0 0 1 1 2 0 0 0 2 0 3 0
P3 0 0 0 0 0 0 0 0 0 0 0 0
P4 0 0 1 0 1 0 0 0 0 0 0 0
P5 0 0 0 0 2 0 0 1 1 1 1 1

Participants rated each symptom using a Likert scale indicating perceived intensity.
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The questionnaire was completed once after the two MR trials. Table 9.8 reports
the symptom ratings for each participant. The scores range from 0 to 4.
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Chapter 10

Results Discussion

10.1 Overview of Experimental Outcomes

This study aimed to explore the effects of a gamified mixed-reality interface based
on HoloLens 2 on human-robot collaborative assembly, with particular attention
to performance, error patterns, perceived workload, emotional response, engage-
ment, and usability aspects. The experimental design compared two conditions: a
standard assembly workflow without mixed reality support and a gamified MR con-
dition featuring visual feedback, timing systems, progress indicators, motivational
messages, and multimodal interaction.

Participants performed two trials per condition, followed by questionnaire-based
evaluation. The order of conditions was counterbalanced for two participants in
order to partially control for learning effects. The collected data included objective
performance measures (assembly time and error counts) and subjective measures
(NASA-TLX, SAM, GEQ), and cybersickness questionnaire).

10.2 Performance and Error Patterns

10.2.1 Assembly Time

The observed assembly times suggest a tendency for slightly faster task completion
in the non-HoloLens condition compared to the gamified MR condition. This
difference, however, should be interpreted cautiously given the limited number of
participants and the exploratory nature of the study.

A plausible explanation lies in the interaction layer introduced by the MR
interface. The gamified system provides continuous visual and auditory feedback,
step confirmations, timers, and contextual messages. While these elements are
designed to guide and support the operator, they inevitably require additional
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micro-interactions and occasional shifts of attention. For users with limited prior
experience in mixed reality environments, this additional layer may initially slow
down execution.

At the same time, the difference in completion time does not appear consistent
across all participants. In some cases, the gap between conditions is minimal,
suggesting that individual adaptation to the interface plays an important role. It
is reasonable to assume that with greater familiarity or extended use, the temporal
difference could diminish.

It is also important to consider the intended purpose of the gamified system.
The primary objective was not to maximize raw execution speed, but to enhance
clarity, engagement, and structured task progression. In this perspective, a modest
increase in completion time, if accompanied by improved guidance or reduced
monotony, should not be interpreted as a negative outcome. Rather, it highlights
the balance between performance efficiency and enriched interaction.

Given the preliminary scope of this study, these observations should be considered
indicative rather than conclusive, and further investigations with larger samples
would be required to better understand the relationship between mixed reality
guidance and execution time.

10.2.2 Error Distribution

Error analysis shows that total error counts are comparable between conditions,
with a slight increase in total errors in the gamified MR condition. However, the
most relevant finding is not the total number, but the change in error distribution
across categories.

Sequence-related errors, such as wrong step order, are significantly reduced
in the gamified MR condition. This aligns with the step-based visual structure,
explicit progression logic, and confirmation mechanism embedded in the interface.
The MR workflow appears to support procedural correctness and step awareness.

Conversely, some execution-level errors, including incorrect assembly and prema-
ture step confirmation,appear more frequently in the gamified condition. Premature
confirmation errors are structurally linked to the presence of an explicit “Next”
interaction, which does not exist in the non-MR workflow. This indicates that
interface features can both prevent and introduce specific error modes.

Handling-related errors such as dropping parts show a decrease in the MR
condition, which may suggest higher attentional focus and situational awareness
induced by the augmented visual layer and continuous feedback.

Taken together, these results suggest that the gamified MR system shifts errors
from procedural and sequencing mistakes toward speed- or interaction-related slips,
consistent with a speed-run inspired design that encourages continuous progression
and tempo maintenance.
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10.3 Perceived Workload (NASA-TLX)

Perceived workload, assessed through the NASA-TLX index, shows some differences
between the two experimental conditions. Overall, participants tended to report a
slightly higher workload when using the gamified mixed-reality interface compared
to the traditional condition. Given the small sample size, this difference should be
interpreted with caution and considered as an exploratory observation rather than
a definitive outcome.

Importantly, responses varied considerably across participants. While some
individuals perceived the MR-supported condition as less demanding or comparable
to the traditional setup, others reported a noticeable increase in workload. This
variability suggests that the experience of the gamified MR interface is strongly
influenced by individual characteristics, such as familiarity with digital systems,
comfort with augmented visual overlays, and sensitivity to multimodal feedback.

A possible explanation for the perceived increase in workload lies in the infor-
mational richness of the interface. The gamified condition required participants
to process several elements simultaneously, including step timers, a global timer,
progress indicators, contextual messages, and step confirmation mechanisms. Al-
though these components were designed to enhance clarity and engagement, they
may initially increase attentional demands, particularly for first-time users of
mixed-reality environments.

At the same time, a moderate increase in perceived workload does not necessarily
imply confusion or inefficiency. In some cases, structured guidance and continuous
feedback may lead participants to feel more cognitively involved in the task, even
if this does not translate into poorer performance. Indeed, observations from the
experimental session suggest that the gamified interface supported more controlled
task progression, particularly in terms of procedural order.

10.3.1 SAM Results

Emotional responses, measured through the Self-Assessment Manikin (SAM), reveal
a noticeable shift between the traditional assembly condition and the gamified
mixed-reality experience. In general, participants described the MR condition as
more pleasant and emotionally activating, while their perceived sense of control
remained stable across both setups.

Valence ratings indicate that the gamified MR experience was consistently
perceived as more positive and enjoyable. This aligns closely with the design
intentions of the system, which incorporated motivational messages, progress
feedback, audio cues, and a speed-run inspired structure aimed at transforming the
task into a more engaging and rewarding activity. Rather than simply completing
a sequence of assembly steps, participants experienced a structured progression
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with visible milestones and reinforcement.

Arousal levels also increased in the MR condition, suggesting that the gamified
interface generated a more dynamic and stimulating experience. Elements such as
timers, performance cues, and contextual messages likely contributed to maintaining
attention and emotional activation throughout the task. Compared to the more
neutral baseline condition, the MR-~supported workflow appeared to create a stronger
sense of involvement and momentum.

Dominance, on the other hand, remained relatively high in both conditions,
with only a slight increase in the gamified setup. This suggests that participants
generally felt in control of the task regardless of the interface. Importantly, the
introduction of additional visual and interactive elements did not reduce perceived
autonomy. On the contrary, structured step guidance and confirmation mechanisms
may have reinforced confidence rather than limiting it.

Taken together, the SAM responses suggest that the gamified MR system
positively influenced the affective quality of the assembly process. The task was
experienced as more enjoyable and activating, without compromising the operator’s
sense of control. This emotional profile is coherent with the intended gamification
strategy and supports the interpretation of the MR condition as more engaging at
an experiential level.

10.3.2 GEQ and Results

The Game Engagement Questionnaire results show a consistent shift in perceived
engagement between the non-MR and gamified MR conditions across almost all
items.

Negative-experience items, such as “waste of time”, “exhausted”, “bored”,
and “could have done more useful things”, generally receive lower scores in the
gamified MR condition compared to the non-MR baseline. This indicates that the
gamified mixed-reality setup was perceived as less tedious and less draining, despite
the additional sensory and cognitive stimulation introduced by timers, feedback
elements, and audio cues.

Conversely, positive engagement items, including feelings of immersion, chal-
lenge, involvement, enjoyment, and sense of victory, show systematically higher
values in the MR gamified condition. In particular, items related to immersion
(“felt immersed”, “forgot everything around me”, “lost track of time”) and task
engagement (“task was engaging”, “felt involved”, “experience was enjoyable”)
increase significantly across most participants. This pattern strongly supports
the intended effect of the gamification layer and speed-run—inspired structure,
which were explicitly designed to sustain attention and experiential involvement
throughout the assembly process.

Challenge-related items also increase in the MR condition, suggesting that
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participants perceived the gamified version as more stimulating rather than simply
more difficult. This distinction is important: combined with the SAM results
showing higher valence, the increased challenge appears to be interpreted as positive
and motivating rather than frustrating.

Overall, the GEQ data align with both the SAM emotional measures and the
observed behavioral patterns. The gamified MR condition is consistently associated
with higher immersion, stronger engagement, and greater experiential value, while
reducing perceptions of boredom and wasted effort. This convergence across
subjective engagement indicators reinforces the interpretation that the mixed-
reality gamification layer meaningfully transformed the perceived quality of the
task.

10.3.3 Qualitative Observations and Spontaneous
User Feedback

In addition to questionnaire-based measures, spontaneous verbal feedback and
behavioral observations were collected informally at the end of the experimental
sessions. Although not quantitatively structured, these observations provide useful
contextual support for the engagement-related findings.

Several participants explicitly described the gamified mixed-reality condition
as “more interactive”, “energizing”, and “similar to a journey-like experience”. In
particular, background music and motivational voice messages were repeatedly
mentioned as strong positive elements, with comments such as “the music is
exciting”, “the voice feedback is motivating”, and “it feels like a guided experience
rather than a simple task”.

From a behavioral perspective, a recurring pattern was observed during the
gamified MR trials: all participants showed spontaneous rhythmic body movements
synchronized with the background music, such as moving or tapping their legs while
assembling components. This behavior did not appear in the non-gamified condition
and suggests a higher level of embodied engagement and affective involvement.

These qualitative signals are coherent with the GEQ and SAM results, which
indicate higher immersion, enjoyment, and arousal in the gamified MR condition.
While anecdotal in nature, these observations strengthen the interpretation that
the audio design and motivational feedback system contributed significantly to user

engagement and experiential intensity.

10.4 Cybersickness and Usability Aspects

Potential discomfort related to the use of mixed reality was assessed through
the Cybersickness Questionnaire, administered after the gamified MR condition.
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Overall, reported symptoms were limited and generally mild, indicating good
tolerability of the HoloLens-based assembly experience within the duration of the
experimental sessions.

Most responses clustered at the lower end of the scale, with only occasional
reports of minor eye strain, slight headache, or temporary focusing difficulty. Symp-
toms commonly associated with stronger forms of cybersickness, such as intense
nausea or pronounced vertigo, were not reported. Importantly, all participants
completed the MR trials without interruption, suggesting that the system did not
generate discomfort severe enough to interfere with task execution.

From a usability perspective, these observations are encouraging. The interface
design relied on relatively stable spatial elements, limited dynamic visual motion,
and task-centered overlays anchored to the physical workspace. This configuration
likely helped minimize sensory conflict and maintain visual coherence, which are
known factors in reducing cybersickness in mixed-reality environments.

While the experimental sessions were of limited duration, the results suggest
that short-term use of gamified MR guidance in assembly scenarios is compatible
with acceptable levels of physical comfort. This aspect is particularly relevant in
Human—Robot Collaboration contexts, where attention must remain focused on
physical interaction with components and robotic partners, and where excessive
visual strain could compromise both performance and safety.

Overall, the limited occurrence of discomfort supports the practical feasibil-
ity of implementing similar MR-based support systems in controlled assembly
environments, provided that visual stability and interaction pacing are carefully
managed.

10.5 Cross-Metric Interpretation

Table 10.1 shows the main observed trends between conditions.

When the quantitative performance metrics, subjective workload ratings, emo-
tional measures, engagement indicators, and qualitative observations are interpreted
together, a coherent pattern emerges regarding the effect of the gamified mixed-
reality condition on collaborative assembly. The results suggest that the gamified
MR setup did not primarily optimize raw execution speed, but instead reshaped
how participants approached and experienced the task, influencing procedural
behavior, attention, and engagement.

From a performance standpoint, the average completion time was slightly higher
in the gamified MR condition. However, this increase in time must be interpreted
jointly with the reduction in total errors and, in particular, with the marked
decrease in procedural and step-order errors. This combination indicates that
participants tended to operate more carefully and more sequentially under gamified
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Table 10.1: Cross-metric overview of observed trends between experimental

conditions

’ Dimension \Observed Trend

\Interpretative Consideration ‘

Assembly Time | Slight tendency toward longer | Possibly related to interaction
completion in MR overhead and initial adaptation
to the interface
Error Patterns | Reduced procedural inconsisten-| Structured guidance may support
cies in MR more controlled step progression
Perceived Moderate variability; slightly | Likely associated with increased
Workload higher in MR for some partici-| informational density and multi-
(NASA-TLX) | pants modal feedback
Emotional Higher pleasantness and activa-| Consistent with gamified design
Response tion in MR goals and enriched task experience
(SAM)
Engagement | Stronger immersion and involve-| Suggests experiential enhance-
(GEQ) ment in MR ment  rather than  purely
performance-driven impact
Cybersickness | Generally low symptom reporting | Interface stability appears ade-
quate for short-duration tasks

MR guidance, likely supported by step timers, progress indicators, and contextual
feedback messages. Rather than accelerating execution, the gamified system appears
to have promoted more structured and controlled task progression.

Error patterns reinforce this interpretation. While manipulation-level errors
such as wrong part selection did not disappear, workflow-related errors (especially
incorrect step order) were significantly less frequent in the gamified condition. This
suggests that the mixed-reality interface and step-based interaction logic effectively
supported procedural orientation and task sequencing. In other words, the gamified
overlays acted more as cognitive scaffolding than as pure performance accelerators.

Subjective workload results (NASA-TLX) showed greater dispersion in the
gamified MR condition. Some participants reported lower perceived workload,
while others reported higher values. When considered in isolation, this variability
might appear contradictory. However, when read together with emotional and
engagement measures, it becomes consistent with a more stimulating and activating
experience rather than simply a more demanding one. Increased cognitive and
sensory stimulation can raise perceived workload while simultaneously improving
engagement and motivation.

This interpretation is supported by the SAM emotional ratings, which showed
a clear shift toward higher valence and arousal in the gamified MR condition.
Participants generally reported a more positive and more activating experience,
while dominance scores remained stable or slightly higher, indicating that the added
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interface layers did not reduce perceived control. The combination of higher valence
and higher arousal is consistent with a challenge-based, game-like experiential state
rather than stress-driven overload.

Engagement indicators from the GEQ further strengthen this reading. Items
related to immersion, enjoyment, perceived challenge, and time distortion were
consistently higher in the gamified condition, while boredom-related responses were
lower. Participants more frequently reported losing track of time, feeling involved,
and perceiving the activity as engaging. These subjective reports align with direct
behavioral observations collected during the sessions: in the gamified condition,
participants often showed spontaneous rhythmic body movement synchronized with
the background music, a behavior not observed in the non-gamified trials. This
embodied response suggests deeper sensorimotor and affective involvement.

Cybersickness measures indicate that these engagement gains were not offset by
major usability costs. Reported symptoms were generally low and limited to mild
eye strain or slight discomfort in isolated cases. No participant discontinued the
session, and all were able to complete the MR trials. This supports the usability of
the MR interface for short-duration, task-focused assembly scenarios.

Taken together, the cross-metric evidence indicates that the gamified mixed-
reality system primarily influenced experiential and procedural dimensions of
collaborative assembly. It increased engagement, emotional activation, and per-
ceived immersion, reduced critical procedural errors, and supported task sequencing,
while slightly increasing completion time. In human-robot collaboration contexts
where correctness, training value, and operator experience are central, this trade-off
appears not only acceptable but potentially advantageous.
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Chapter 11
Conclusions

This thesis explored the design and preliminary evaluation of a gamified mixed-
reality interface for human-robot collaborative assembly using HoloLens 2. The
work combined theoretical foundations in human-robot collaboration, assembly
complexity, operator state measurement, and gamification design with the practical
development and experimental testing of a gamified AR application structured
around a speed-run inspired interaction model.

From a conceptual perspective, the study demonstrates that gamification repre-
sents a particularly promising design layer for human-robot collaboration environ-
ments. As industrial systems evolve toward more human-centered paradigms, purely
functional interfaces are no longer sufficient. Operators are not only task executors
but cognitive and emotional agents whose engagement, motivation, and well-being
directly affect system performance. Gamification provides a structured and flexible
framework to address these human dimensions through feedback, pacing, symbolic
rewards, and experiential design.

The implemented mixed-reality system translated the assembly workflow into a
game-like sequence of timed steps, progress indicators, motivational messages, and
audio feedback, without altering the physical task itself. This design choice proved
important: rather than transforming work into a game, the approach augmented
task perception and interaction quality. The speed-run inspired structure introduced
challenge and rhythm, while visual and auditory feedback supported procedural
guidance and emotional activation.

Although based on a small sample and explicitly positioned as a preliminary
study, the experimental results consistently point in a positive direction. The
gamified mixed-reality condition increased engagement, emotional activation, and
perceived immersion, reduced critical procedural errors, and supported task se-
quencing. Subjective feedback and behavioral observations further reinforced these
findings, with participants describing the experience as more interactive, motivat-
ing, and immersive, and showing spontaneous embodied engagement during the
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gamified trials.

Beyond the specific experimental case, the broader implication is that gami-
fication in industrial and technical environments remains largely underexplored
and holds significant untapped potential. Many operational contexts including
manufacturing, maintenance, logistics, aerospace operations, automotive, construc-
tion sites, and technical training involve repetitive, attention-critical, or cognitively
demanding tasks where real-time feedback, motivational framing, and progress visu-
alization could substantially improve operator experience and reliability. Gamified
AR interfaces could support not only engagement but also situational awareness,
procedural compliance, and training effectiveness.

At the same time, this work clearly confirms that gamification must be designed
carefully and contextually. Effective gamification is not superficial decoration
but structured experiential design aligned with task goals, safety requirements,
and human cognitive limits. The MDA-based approach and the focus on balance
between challenge and arousal proved useful guiding principles in this regard.

Future research should extend this study with larger participant samples, longer
exposure durations, and more diverse task types. Comparative studies across differ-
ent gamification styles (standard versus narrative, competitive versus cooperative)
would further clarify which design patterns are most effective in HRC settings.
Integration with physiological operator-state sensing could also enable adaptive
gamification layers that respond dynamically to stress, workload, or fatigue.

In conclusion, this thesis shows that gamified mixed-reality support for human-
robot collaboration is not only technically achievable but experientially and opera-
tionally promising. Even in a small-scale preliminary study, the approach produced
consistent positive signals across performance structure, engagement, and user
experience. As Industry 5.0 advances toward human-centric production models,
gamification combined with mixed reality may become an important tool for trans-
forming not only how humans work with machines, but how they experience that
collaboration.
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