POLITECNICO DI TORINO
Repository ISTITUZIONALE

Gamification in manufacturing: some insights in human—-robot collaboration assembly and preliminary
results

Original

Gamification in manufacturing: some insights in human-robot collaboration assembly and preliminary results / Capponi,
Matteo; Gervasi, Riccardo; Mastrogiacomo, Luca; Franceschini, Fiorenzo. - In: INTERNATIONAL JOURNAL,
ADVANCED MANUFACTURING TECHNOLOGY. - ISSN 0268-3768. - STAMPA. - 137:11-12(2025), pp. 6043-6071.
[10.1007/s00170-025-15499-7]

Availability:
This version is available at: 11583/2999389 since: 2025-07-10T18:32:13Z

Publisher:
Springer

Published
DOI:10.1007/s00170-025-15499-7

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

01 May 2026



The International Journal of Advanced Manufacturing Technology (2025) 137:6043-6071
https://doi.org/10.1007/500170-025-15499-7

ORIGINAL ARTICLE q

Check for
updates

Gamification in manufacturing: some insights in human-robot
collaboration assembly and preliminary results

Matteo Capponi'® - Riccardo Gervasi' © - Luca Mastrogiacomo'® - Fiorenzo Franceschini'

Received: 21 December 2024 / Accepted: 31 March 2025 / Published online: 12 April 2025
© The Author(s) 2025

Abstract

The application of gamification in manufacturing remains largely unexplored, despite its proven benefits in fields
such as education and business. By incorporating game-like elements such as points, challenges and storytelling into
real-world tasks, gamification has the potential to improve both performance and user engagement, even in manu-
facturing environments. This paper explores the feasibility of applying gamification to human-robot collaboration
(HRC) assembly processes. Using two different approaches—standard gamification (using points and challenges) and
narrative gamification (incorporating storytelling for deeper engagement)—two case studies were conducted to assess
the impact of gamification on workers’ performance, well-being and emotional engagement. Preliminary results show
that (i) narrative gamification significantly reduced frustration and increased immersion, leading to a more engaging
experience for participants, and (ii) standard gamification contributed to the development of a well-paced and struc-
tured process, without significantly enhancing emotional engagement. By highlighting the feasibility of gamification
in HRC assembly, this study lays the groundwork for future research into more immersive and dynamic gamification
strategies in manufacturing.
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Abbreviations GUI Graphical user interface
HRC Human-robot collaboration CDA Continuous Decomposition Analysis
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interest as companies seek novel methods to motivate work-
ers, enhance task efficiency and minimise operational errors
[3, 4]. Within the context of repetitive assembly processes,
the integration of gamification principles can offer signifi-
cant benefits by reducing boredom and thus enhancing work-
ers’ motivation. Furthermore, enhancing worker engagement
is a central pillar of Industry 5.0 [5, 6], which also empha-
sises human-centred manufacturing. Among the most impor-
tant technologies enabling Industry 5.0, collaborative robots
(cobots) play a crucial role in supporting human workers
in shared tasks. Collaborative robots indeed are designed
to operate in proximity to humans in a shared workspace.
The advent of cobots has further transformed the manufac-
turing landscape, enabling a new level of synergy between
human capabilities and robotic efficiency, leading to what
is commonly referred as “Human—Robot Collaboration”
(HRC) [7-10]. In this context, the application of gamifica-
tion to assembly processes performed by humans and robots
simultaneously, also known as “collaborative assembly”, can
offer a promising approach to increase engagement, improve
task efficiency and create a more motivating work environ-
ment. However, integrating gamification into HRC systems
requires careful game design, efficient communication and
adaptive feedback mechanisms to ensure real-time respon-
siveness and operator engagement. Control strategies used
in communication-constrained systems [11, 12] provide
valuable insights into how to optimise communication of
feedback and task adaptation. Such principles can indeed
be leveraged for example to design adaptive gamification
frameworks.

This paper focuses on the application of gamification in
collaborative assembly processes, with the aim of exploring
its feasibility in a manufacturing context. Using the MDA
(mechanics, dynamics, aesthetics) framework [13], a con-
ceptual basis for integrating gamification into collaborative
assembly is provided. Two case studies using two types of
gamification were developed: (i) standard gamification,
which uses mechanics such as points, badges and levels, and
(i1) narrative gamification, which incorporates storytelling
elements. Some preliminary findings from these case studies
are presented, by offering insights into the practical appli-
cation of these gamification approaches in the manufactur-
ing environment. The paper is organised as follows: Sect. 2
provides a literature review on gamification, especially in
industrial context while Sect. 3 provides some guidelines to
apply gamification principles into collaborative assembly
processes. Then, Sect. 4 presents two different case studies,
Sect. 5 shows the experimental setting and Sect. 6 provides
the related preliminary results. Finally, Sects. 7 and 8 sum-
marise and discuss the main findings, limitations and future
developments.
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2 Literature review

This section provides a review of the existing literature
on the two core aspects of this study: gamification and
human-robot collaboration. First, the concept of gamifica-
tion is explored, focusing then on its application in industrial
contexts. A brief overview of HRC is then presented, par-
ticularly in a manufacturing scenario.

2.1 Gamification

The concept of gamification, initially gained popular-
ity in digital entertainment and education, has recently
expanded its influence into areas such as business, health-
care and learning environments. A major contribution to
the field was made by Chou [14], who proposed com-
prehensive guidelines for implementing well-designed
gamification in various domains. Another widely used
framework in gamification, known as MDA framework,
was proposed by Hunicke et al. [13]. This framework
identifies three crucial elements for the design of games:
(i) mechanics that include fundamental components of
games, encompassing the rules, actions, algorithms and
data structures that govern its functionality; (ii) dynamics
that refer to the dynamic interactions between mechanics
and player input, as well as the manner in which these
mechanics collaborate with one another, and (iii) aesthet-
ics that encompass all the emotional responses that play-
ers experience in response to the game’s visuals, sounds
and overall presentation. Conceptually, gamification is
rooted in three core psychological theories: Self-Determi-
nation Theory (SDT), Motivation Theory and Flow The-
ory. Self-Determination Theory, developed by Ryan and
Deci [15], emphasises the importance of satisfying three
innate psychological needs: competence, autonomy and
relatedness. Competence refers to an individual’s ability
to interact effectively with their environment, autonomy
refers to the freedom to make independent choices and
relatedness involves a sense of belonging and acceptance
within a group. These needs, when satisfied, drive intrin-
sic motivation and lead individuals to engage in tasks
where they feel empowered, competent and connected to
others. Motivation theory further distinguishes between
intrinsic and extrinsic motivation, where intrinsic moti-
vation is driven by enjoyment and satisfaction from the
activity itself, whereas extrinsic motivation is driven by
external rewards such as money or recognition [16]. Flow
Theory, introduced by Csikszentmihalyi [17], describes
an optimal state of consciousness in which individu-
als are fully immersed in an activity, experiencing goal
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orientation and satisfaction. In this state of flow, tasks
are enjoyable when there is a balance between the chal-
lenge of the task and the individual’s ability to complete
it. Well-designed gamification can induce this state of
flow, providing motivation and optimal performance by
matching the difficulty of the task to the user’s skill level.

Although gamification has been used extensively in
various sectors, its adoption in manufacturing is relatively
recent. A systematic literature review by Leite et al. [18]
highlighted the limited application of gamification in the
manufacturing sector, noting gaps in long-term studies
and ethical considerations. However, their review high-
lighted the potential of gamification to motivate workers
in repetitive tasks and highlighted emerging trends, such
as the integration of gamified collaborative platforms.
There have been few attempts to adapt the principles of
gamification to industrial contexts. Deterding et al. [19]
explored the historical origins of gamification and pro-
posed its definition as the use of game design elements in
non-game contexts. While these ideas laid the foundation
for its use in industry, the implementation of gamification
in manufacturing environments is still evolving. Keepers
et al. [4] highlighted the limited scope of current research
in industrial gamification and suggested directions for
future studies. Empirical evidence from Liu et al. [20]
showed that gamified work design, particularly the use of
smartphones to implement game mechanics, significantly
improved work motivation, satisfaction and operational
performance. Ohlig et al. [21] provided further evidence
by demonstrating how gamified performance manage-
ment systems—using visualisations of process metrics in
a gamified way—increased employee motivation. Sochor
et al. [22] developed a framework to guide the selection
and implementation of gamified elements in manufactur-
ing and logistics, while Klevers et al. [23] introduced the
GameLog model, which integrates game mechanics into
existing business processes to increase engagement and
efficiency. Lee et al. [24] presented a five-step design
framework for gamification in manufacturing, which
they tested in an automotive assembly line and showed
promising results in improving worker performance and
engagement. In a related study, Roh et al. [25] examined
how gamification affected operators’ flow states and emo-
tional experiences, and linked these experiences to intrin-
sic motivation. In addition, Dolly et al. [3] examined the
impact of gamification on industrial assembly tasks and
showed that it not only improved productivity, but also
reduced cognitive load and contributed to worker’s well-
being. Korn et al. [26] also found that gamified interfaces
could be used to train workers on advanced technologies

in smart factories, revealing improvements in both pro-
ductivity and user satisfaction through real-time feedback
and interactive systems. Ulmer et al. [27] focused on the
development of an assistive system designed to improve
human performance in manufacturing tasks, by combin-
ing gamification principles with hardware modularisation
to create a more interactive and motivating environment
for workers.

2.2 Human-robot collaboration

Within manufacturing activities, the use of gamification
in the context of human-robot collaboration (HRC) is an
emerging and almost still unexplored area of research.
Collaborative robotics, also known as cobotics, were
developed to work alongside with humans, sharing spaces
and goals [7, 10, 28-30]. The integration of cobots in man-
ufacturing requires the removal of physical barriers that
have traditionally separated human workers from robotic
systems. As a result, ensuring safety in HRC environments
remains a fundamental concern as established by the intro-
duction of ISO 102181 and ISO 10218-2 and later with
ISO/TS 15066. In this regard, to assess safety levels in col-
laborative manufacturing, Zanchettin et al. [31] proposed
a metric that evaluates critical factors such as the distance
between humans and robots, the type of robotic system
used and its operating speed, all of which play a crucial
role in mitigating risks in HRC environments. Beyond
safety, human factors play a critical role in determining
the success and efficiency of HRC systems. Emotional and
cognitive aspects significantly influence how operators
interact with robotic collaborators, affecting both perfor-
mance and well-being. Khamaisi et al. [32, 33] introduced
a framework for evaluating user experience in manufactur-
ing environments, combining questionnaires and non-inva-
sive physiological sensors to identify tasks that are highly
stressful and may negatively impact performance. Simi-
larly, Kiihnlenz et al. [34] investigated how different robot
trajectory patterns affect human responses using physi-
ological signals thus providing insights into physiologi-
cal stress levels during interaction. Another crucial issue
to ensure effective HRC is to enable fluent and natural
interaction and communication between human and robot.
In this regard, Wang et al. [35] highlighted the need to
develop effective human-robot communication interfaces.
Unlike conventional automation, HRC requires seamless
interaction, coordination and communication between
human operators and robots in shared workspaces. While
this paradigm shift increases flexibility and productivity,
it also poses key challenges such as task synchronisation,

@ Springer



6046 The International Journal of Advanced Manufacturing Technology (2025) 137:6043-6071

effective interaction, cognitive load and trust building [7,
36]. Effective human-robot interaction depends on real-
time communication and feedback mechanisms, which are
often limited to visual cues or predefined task sequences
[28]. This lack of intuitive engagement can lead to opera-
tor stress, uncertainty and reduced efficiency. Further-
more, the cognitive demands of monitoring and adapting
to robot behaviour can impact worker performance and
well-being, necessitating novel approaches to support
human engagement and task fluency. Therefore, they offer
unique opportunities for gamification due to their ability to
interact dynamically with human operators. In this regard,
Venaés et al. [37] investigated the use of gamification as a
training tool in human—robot collaboration (HRC), spe-
cifically in a cooperative lifting. The findings highlighted
the potential of gamification as a promising methodology
for improving HRC, making complex tasks easier to learn
and improving user interaction with cobots in industrial
settings. In general, gamification has been extensively
studied in fields such as education, healthcare and busi-
ness, and has shown significant potential for improving
engagement and productivity. However, its application in
manufacturing remains relatively underexplored, with few
studies investigating its impact on worker performance in
industrial contexts. Even less attention has been paid to
the use of gamification in collaborative assembly tasks.
While some research began to explore gamified systems
in manufacturing, there is a clear gap in understanding
how gamification can affect human-robot collaboration in
terms of cognitive load, stress reduction and performance.

3 Applying gamification to collaborative
assembly processes

Gamification offers a promising strategy to enhance
human-robot collaboration by using game design elements
to improve interaction, motivation and performance [2,
19]. Through structured feedback systems, progress indi-
cators and real-time performance tracking, gamification
can facilitate clearer communication between humans and
robots, reducing uncertainty and decision fatigue. In addi-
tion, narrative-driven gamification introduces immersive ele-
ments that promote operator engagement, transforming the
collaborative process into a goal-oriented experience rather
than a repetitive task. While gamification has been explored
in training and industrial performance management [21, 26],
its application to HRC processes in manufacturing remains
underexplored.

@ Springer

To apply gamification principles in collaborative assem-
bly, the well-known MDA framework developed by Hunicke
et al. [13] was used. In detail, this framework identifies three
crucial aspects in game design that can also be applied in
HRC assembly:

e Mechanics, that refer to the rules, algorithms and struc-
tures that govern gameplay. These are the fundamental
systems and processes that define how the game works—
everything from scoring systems to the logic behind chal-
lenges or rewards. Mechanics define how information is
processed and presented to human workers to facilitate
effective collaboration with cobots.

e Dynamics come from how the mechanics are executed
and evolve during gameplay. These are the interactions
between the player and the system, and between players,
based on the established mechanics. For example, the
strategic choices or behaviours that arise as players inter-
act with the rules form the dynamics. In HRC assembly,
dynamics influence how operators interact with cobots,
promoting strategic decision-making, collaboration and
engagement.

e Aesthetics represent the emotional responses and expe-
riences evoked in the player. It refers to how players
feel when they engage with the game, such as a sense
of accomplishment, challenge or immersion. Aesthet-
ics influence the emotional experience of workers dur-
ing HRC, affecting motivation, engagement and trust.
Gamification increases the perceived fun and immersion
of assembly tasks, making collaboration less repetitive
and more rewarding.

Figure 1 summarises how the MDA framework can be
adapted to collaborative assembly processes. Using a combi-
nation of mechanics, dynamics and aesthetics, various strate-
gies can be integrated into the assembly process to enhance
performance and engagement. In this regard, for each of
the three of the MDA framework, this work presents some
details on strategies and tools useful to implement gamifica-
tion in collaborative assembly tasks, as provided in Table 1.

4 Case-study description

Based on the guidelines outlined in Table 1, two case stud-
ies were developed focusing on the dichotomy already pre-
sented in the scientific literature [38] between narrative
and standard gamification. In their study on gamification
among manufacturing workers, Seo et al. [38] conceptual-
ised two different types of gamification: conventional and
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MDA framework for
i collaborative assembly N

+ Fundamental rules,
structures, and systems
that shape HRC

+  How informationis
processed and
presented to human
workers to facilitate

Interactive behaviors
and decision-making
processes

Emotional experience of

effective HRC

How operators interact
with cobots, promoting
strategic decision-
making, cooperation,
and engagement.

workers affecting
motivation,
engagement, and trust.

Sense of immersion that

makes HRC less

repetitive and more
rewarding

Fig.1 The MDA framework applied in collaborative assembly (adapted from [13])

narrative gamification. Conventional gamification is based
on the use of badges, points and rewards and is linked to the
“extrinsic motivation” (i.e. derived from externally dictated
goals). Narrative gamification, instead, provides storytell-
ing to create immersive experiences that increase intrinsic
motivation, i.e. derived from self-directed goals. By analogy,
in this paper, such dichotomy was exploited to create two
different gamification case studies: standard and narrative.
The first approach, standard gamification, used traditional
game mechanics such as points, badges and leaderboards,
which are commonly used to motivate and reward perfor-
mance. This method focuses on increasing productivity and
efficiency through tangible metrics and feedback, encour-
aging participants to improve their performance based on
quantifiable achievements. The second approach, narrative
gamification, aimed to provide a more immersive and con-
textually rich experience by embedding the assembly pro-
cess within a story-driven framework. Generally, standard
and narrative gamification cannot be seen as completely dif-
ferent approaches, as they share common elements. The case
study of this work concerns the collaborative assembly of a
tile cutter (see Fig. 2a and b). The elementary tasks and the
related allocation between human and cobot are provided in
Table 2. The assembly process is divided into 4 main phases:
(i) the assembly of the two lateral supports, namely Cla and
C1b on the base; (ii) the assembly of the cutting mechanism;
(iii) the assembly of the cutting mechanism and the rail rods
with the base and (iv) the picking of the final product.

The work area (see Fig. 2c) consisted of a table on which
a collaborative robot Universal robot UR3e [39] is posi-
tioned to support the human operator who performed manual
tasks in the human’s work area. The human operator con-
trolled the robot via a button located on the table in the work
area. In addition, a monitor with graphical interface was
provided to display performance metrics. This interface was
developed and connected to the cobot using Node-RED [40].

4.1 Standard gamification

In order to apply standard gamification to the collabora-
tive assembly processes, elements such as points, progress
bars, multimedia feedback and suggestions were selected.
The use of progress bars and points in the assembly process
is directly linked to conventional productivity metrics (e.g.
Performance Measurement Systems) such as cycle time,
process failures and product defects. In addition, sugges-
tions for improvement, such as optimised assembly instruc-
tions, help to minimise errors and improve product quality
[41, 42]. Figure 3 shows the graphical user interface (GUI)
implemented.

This interface, developed and connected to the cobot
using Node-RED [32], allowed live calculation of perfor-
mance metrics using direct communication with the robotic
system. A screen was placed on the workstation to ensure
that the operator could continuously monitor his progress
throughout the task. Each time the operator pressed the
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9cm

Graphical
interface
Collaborative
robot
Human's work

area

(c)

Fig.2 a The tile cutter, b its components and ¢ the scheme of the experimental collaborative assembly work area set up at the Mind4Lab at
Polito (¢)

button to instruct the cobot to perform the next task, this e Scoring system: The scoring system is based on com-

input was also registered as a timestamp to calculate the paring the time taken by the operator to complete the
duration of the most recently completed phase. Once the assembly with the expected times from Table 3, which
button is pressed, signalling the completion of an assembly represent average execution times derived from previous
phase, the graphical interface updates the corresponding experience and thus define the time taken by an “average
data in real time, while the system simultaneously begins user”. Offering points for tasks provides an immediate
recording performance metrics for the ongoing phase. This reward, reinforces positive behaviour and encourages
approach ensured seamless tracking of task execution times continued engagement. The assembly of the tile cutter
and provided immediate feedback to the operator, enhancing can be divided into four main phases: phase 1, which
situational awareness. Specifically, the main gamification involves joining the two supports to the base; phase 2,
elements were: during which the cutting mechanism is assembled; phase

@ Springer
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Time
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in the rail rods Phase 2 22.89
Phase 3 0
Performance % Performance % Performance %
Phase 1 Phase 2 Phase 3
‘oW a
N .
o2 w 4 4 Scoring
system

Performance -«

Progress

evaluation

Fig.3 Graphical user interface for standard gamification

3, which is the final assembly of the cutting mechanism,
rail rods and base to form the final product; and phase
4, which involves picking and placing the final product,
where the operator does not intervene. Each of the first
three phases includes some activities performed by the
operator and others performed by the cobot. The time
taken by the operator during the three assembly phases
is used to provide the scoring system, by comparing the
observed time, denoted as T;(where j refers to the spe-
cific assembly phase), with benchmark values shown in
Table 3. The observed time 7; is defined as the period
between two successive digital outputs recorded by the
system, which includes both the cobot’s movement time
and the operator’s assembly time. This can be repre-
sented by the formula:

hi=G+0 M

where C; is the time associated with tasks completed by the
cobot, and O; represents the time taken by the operator. For
each phase, 7} is compared with the corresponding reference
value T,* from Table 3, which combines the cobot and opera-
tor times (Tj* = C]* + 0;.‘).

The scoring system assigns a score p; based on this com-
parison. If the observed time 7 is less than or equal to the
benchmark ij", the operator receives 2 points (p; = 2); oth-
erwise, 1 point is awarded (p; = 1). The final score for the
assembly process is the sum of the points earned in the first
three phases, represented by the formula: p; = 2111 p;- The
scoring system chosen was designed to balance simplicity
and effectiveness in assessing operator performance. The
simplicity of the scoring system ensures clear and immediate

Progress bar

communication, without overwhelming the operator with
difficult information.

e Progress bar: A dynamic progress bar is displayed on the
dashboard and fills up visually as each task is completed.
The progression of the bar reflects the percentage of the
assembly process that has been completed, providing a
real-time indicator of the worker’s progress. When the
entire product assembly is complete, the bar reaches full
completion. This visual representation helps users moni-
tor both completed and remaining tasks, providing a clear
and intuitive sense of progress and achievement.

e Multimedia feedback: It was decided to display the com-
pletion times for each assembly phase, providing the
operator with real-time feedback on his performance.
As shown by Ohlig et al. [21], gamified information sys-
tems can significantly increase operators’ motivation.
Real-time feedback allows operators to immediately
assess their performance, helping them to identify both
strengths and areas for improvement. By measuring and
visualising completion times, a performance indicator is
generated as a second layer of feedback. This indicator is
based on the assumption that the assembly times for each
phase are normally distributed, allowing a performance
indicator (TPI;) to be calculated for each stage of the
assembly process.

TPI; = (1 - ®(T})) x 100 = (1 —<1>< L )> x 100 = (1 - (Z)) x 100
. . 5
@)
The anti-cumulative distribution of 7; was chosen because
it increases as T; decreases, making it a more appropriate

@ Springer
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Assembly process

Gamified
Process

Start

Phase

Phase

Phase

Fig.4 Game phases of the collaborative assembly process (where (1)
represents the feeding tray where all the components of the tile cut-
ter are placed, (2) is the graphical interface, (3) is the collaborative
robotUR3 and (4) is the human operator) and the related graphical

representation of operational performance. This approach
ensures that faster completion times are clearly reflected as
better performance in the system's feedback mechanism.

e Suggestions: A virtual avatar is displayed during the assem-
bly process to provide guidance and advice to help the
operator perform tasks correctly. The avatar also provides
illustrative images to enhance understanding and facilitate
the assembly.

@ Springer
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dashboard for standard gamification where all the performance met-
rics are step-by-step updated in each phase of the assembly process
(Mind4Lab at Polito)

Figure 4 shows the four phases of the gamified collaborative
assembly process. For each phase, the participant gets a score
representing the performance of that specific phase.

4.2 Narrative gamification
The second gamification type is defined as “narrative

gamification” since it is based on the integration of narra-
tive and storytelling aspects in the gamified collaborative
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assembly process. To this aim, both graphical and audio
interface were developed to create an immersive environ-
ment. The objective of the gamified process, introduced
by an audio clip, is to successfully complete a mission to
fulfil an order for tile cutters that requires the assistance
of skilled operators. To achieve this, players must com-
plete all three levels, working together with UR3e cobot.
This gamified activity aims to reduce operator stress and
feelings of alienation, while increasing efficiency and
precision. The rules of the game, also explained in the
introductory audio clip, require players to complete the
assembly by progressing through all the levels. Each level
must be completed before moving on to the next one.
The player’s goal is to complete all three levels within
the given time limits, while ensuring the quality of the
assembly. Upon completion of the levels and mission,
players are awarded a trophy based on their performance.
Level difficulty and standards could be updated over
time to maintain long-term engagement. At the end of
the process, operators can earn virtual trophies based on
the number of levels they successfully complete within
the time limits:

e Gold Trophy: Awarded for excellence, when all three
levels are successfully completed within the time limit.

e Silver Trophy: Awarded for high skill, when two levels
are completed within the time limit.

e Bronze Trophy: Awarded for completing one or fewer
levels within the time limit, representing determination
and encouragement to improve.

Each trophy is associated with virtual rewards, which
can include experience points that help you climb an inter-
nal leaderboard, as well as specific recognition such as
training bonuses or small incentives. The gamified process

is divided into four main phases, each with a specific ref-
erence time according to Table 3. The assembly process
is initiated by pressing a button connected to the cobot,
which performs pre-programmed movements to complete
the task. As the levels progress, the operators are chal-
lenged to complete each phase within the specified time
limits, receiving real-time feedback through the Node-
RED dashboard. The feedback is displayed with a specific
colour—green for success, red for failure—along with spe-
cific messages indicating the outcome of each level. A
novel aspect of this process is the inclusion of audio clips
that narrate the different stages of the process and guide
the operator through the gamification. The aim of these
audio prompts is to align the operator’s objectives with
those of the company. These clips, modified with specific
audio effects to match the gamified context, help to create
an engaging and dynamic atmosphere. The graphical user
interface for narrative gamification is provided in Fig. 5.
The graphical interface in the narrative gamification con-
dition was deliberately designed to be more minimalist
than the standard version. Specifically, the display pro-
vided only live feedback and a trophy icon as an indicator
of performance. This design choice was made to prioritise
immersion through auditory feedback, which the operator
received through headphones. In this setup, the storytell-
ing was primarily conveyed through the audio feedback,
increasing engagement and guiding the user through the
assembly process without relying on extensive on-display
elements. The time calculation mechanism remained the
same as in the standard condition: each time the operator
pressed the button to instruct the cobot to perform the
next task, this input was also used to register the comple-
tion time of the previous phase. The game phases and the
related graphical interface are shown in Fig. 6. For each
phase, participant heard narrative feedback through the

Innovativecut Game

Feedback level

Live feedback

| LEVEL COMPLETED ON TIME |

Performance
evaluation

Fig.5 Graphical user interface for narrative gamification
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Assembly process
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Innovative cut, a leading seller of tile cutters, faces a Ny
new challenge: delivering a massive order in record

Gamified

IN PROGRESS |

time. You are the hero of the mission. You will have

Process
Start

Trophy

Feedback level

to pass three levels that will test your ingenuity and
dedication. Upon completing each level I will let you
know how the test is going, and at the end a trophy
will mark your mission and open the door to new
rewards. Are you ready?

Phase

| LEVEL COMPLETED LATE |

Trophy

Feedback level

You passed the level, but with some difficulty. Even A S
the best ones make mistakes!

Phase

| LEVEL COMPLETED ON TIME |

Trophy

Feedback level

Phase

Trophy

H

Fig.6 Gamified phases of the collaborative assembly process (where
(1) represents the feeding tray where all the components of the tile
cutter are placed, (2) is the graphical interface, (3) is the collaborative

earphones. The transcript of the audio files is provided
in Fig. 6.

5 Experimental setting

The experiment was carried out in the laboratories of Mind-
4Lab at Politecnico di Torino and involved a total of 30
participants. All participants were engineering students of
Politecnico di Torino. The use of students as participants
was intended to avoid the biases that experienced workers
might bring, ensuring that the focus remained on testing the
feasibility of applying gamification to assembly processes
without the influence of pre-existing knowledge or habits.
Participants were divided equally into two groups, each
corresponding to a specific gamification type (standard or

@ Springer

You passed the level perfectly, keep it up!

Mission completed! However, the order is delayed. Yo
You can do better than that! Here's the silver trophy

for you

robotUR3 and (4) is the human operator); the graphical dashboard
for narrative gamification updated step-by-step and the related audio
feedback (Mind4Lab at Polito)

narrative). The details on the two gamification types and
on the assembly process of the tile cutter are provided in
Sect. 4. Each participant completed the same collaborative
assembly (see Table 2) in two modalities:

e Not gamified (NG): in this modality, participants per-
formed the tile cutter collaborative assembly without the
introduction of any gamification elements

e Gamified (G): in this modality, participants performed
the collaborative assembly tasks experiencing either the
standard or narrative gamification, depending on their
assigned group. Hence, each participant tried only one
of the two gamification types.

Consequently, the aims of the experiment were two-
fold: firstly, testing whether the introduction of gamifica-
tion (either standard or narrative) could produce measurable
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improvements in performance, quality and operator well-being
compared to the non-gamified modality; and secondly, deter-
mining whether narrative or standard gamification produced
better results. Therefore, each group followed a different exper-

imental protocol:

e The first group of 15 participants performed 5 repetitions
of a non-gamified collaborative assembly task and 5 rep-
etitions using standard gamification. The order of the two
modalities was randomised. In this gamification type,
standard game elements such as points, badges and levels
were incorporated into the process to motivate participants

and improve performance (see Fig. 4).

e The second group of 15 participants also completed 5 rep-
etitions of the non-gamified collaborative assembly tasks
and 5 repetitions using narrative gamification. In this nar-
rative type, storytelling and thematic progression were used
to create a more immersive experience, aiming to engage
participants on an emotional level in addition to the func-

tional aspects of the task (see Fig. 6).

5.1 Data collected

The following objective and subjective data regarding per-
formance, process quality and operators’ well-being were

collected throughout the whole experiment:

e Completion time: it refers to the time taken by an opera-
tor to perform an entire collaborative assembly. It was
computed as the time interval between the start of the
first elementary task and the end of last elementary task
of the assembly process (see second column of Table 2).

e Process failures: these are defined as all those errors
made by humans or robots that slow down the assembly
process and thus generate inefficiencies. Since the aim of
the experiment was to evaluate the impact of gamifica-
tion on the human operator, only human-caused process

failures were considered, as shown in Table 4.

[T scRr (Phasic)
[ scL (Tonic)

EDA (us)

v

Time (s)

Fig.7 Example of SCR and SCL in an EDA signal [46]

Physiological signals: to assess participants’ well-being
and cognitive effort during the tasks, physiological sig-
nals were recorded using the non-invasive biosensor
Empatica E4 device, collecting electrodermal activity
(EDA) at 4 Hz, heart rate data via photoplethysmography
(PPG) at 64 Hz and 3-axis accelerometer data at 32 Hz.
Stress indicators such as heart rate variability (HRV) and
skin conductance response (SCR) can be derived from
the EDA and PPG data. Heart rate variability (HRV)
derived from PPG data provides a robust measure of cog-
nitive load, with lower HRV values typically indicating
increased mental effort and stress levels [43]. Similarly,
electrodermal activity, particularly through skin conduct-
ance level (SCL), reflects overall arousal and cognitive
engagement, with elevated SCL levels generally cor-
responding to higher emotional arousal and increased
cognitive effort during task performance [44]. Thus, the
combination of HRV and SCL data provided a compre-
hensive insight into the participants’ well-being during
the collaborative assembly tasks. The MATLAB package
“Ledalab” was used to process the EDA data. Continuous
Decomposition Analysis (CDA) [45] was used to decom-
pose the EDA signal into continuous phasic and tonic
activity. Tonic activity, measured by changes in skin con-
ductance level (SCL), reflects long-term fluctuations not
directly related to external stimuli. In contrast, phasic
activity represents short-term changes in response to spe-
cific stimuli and it can be described by skin conductance
responses (SCRs) which indicate changes in amplitude
from the SCL to the peak of the response. The difference
between SCL and SCR is shown in Fig. 7.

In addition, HRV data derived from heart rate measure-

ments were also used as an indicator of stress and arousal to
provide a more comprehensive understanding of physiologi-
cal stress. In this study, the root mean square of successive

Amplitude (V)

A\ Diastlolic Peak

O Systolic Peak

Time (s)

Fig.8 Typical PPG signal [48]
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differences between adjacent NN intervals (RMSSD) was
used as a measure of heart rate variability (HRV), following
its widespread use in previous research [43, 47]. RMSSD is
calculated using the formula:

N-1
1
RMSSD = 1 ; (NN,,, — NN, 3)

where N is the number of systolic peaks within the given
time window and NN, is the time interval between two con-
secutive systolic peaks (i and i+ 1). Figure 8 shows a typical
PPG signal.

RMSSD is commonly used because of its reliability in
capturing short-term variations in heart rate that are indica-
tive of parasympathetic nervous system activity [10].

e (Questionnaires: participants were also asked to fill in the
following three questionnaires respectively provided in
Appendixes 1, 2 and 3: (i) NASA-TLX [49]; (ii) Self-
Assessment-Manikin [50] and (iii)) Game Engagement
Questionnaire [51]. Nasa-TLX is a common tool in the
evaluation of perceived workload that is organised in
6 dimensions to evaluate on a scale from low to high:
mental demand, physical demand, temporal demand,
effort, performance and frustration. Each dimension is
rated individually by participants on a scale ranging from

A 4

Fig.9 Flowchart of the experi-
mental procedure

Introduction

A 4

Selection of gamification
type (narrative, standard)

A 4
Bio-sensors
setup

A 4

Training trials

A 4
Bio-sensors
baseline

@ Springer

“low” (0) to “high” (100). These ratings are then com-
bined through a weighting procedure in which partici-
pants make pairwise comparisons between dimensions to
indicate their relative importance. This produces an over-
all weighted workload score that reflects the participant’s
overall perceived workload during task performance.
Self-Assessment-Manikin (SAM) [50] is used to assess
emotional response and it is based on the evaluation of
three dimension: arousal, dominance and valence on a
scale from 1 to 9. Each dimension is represented by a set
of manikin figures, allowing participants to intuitively
express their emotional state without relying on verbal
or numerical descriptions. The scale for each dimension
ranges from 1 to 9, where valence measures the pleasant-
ness of the emotion, ranging from extremely unpleasant
(1) to extremely pleasant (9). Arousal measures emo-
tional intensity, from very calm or inactive (1) to highly
activated or excited (9). Then, dominance assesses the
participant’s perceived sense of control over the situation,
ranging from feeling completely controlled or powerless
(1) to feeling completely in control and dominant (9).
Finally, the Game Engagement Questionnaire (GEQ)
is a validated self-report instrument designed to assess
the level of engagement experienced by participants in
a gamified task [51]. The version used in this study con-
sists of 19 items, each addressing different aspects of
engagement. Participants answer to each statement on

Selection of modality
(gamifed, not gamified)

A 4

Performing 5
repetitions

y

Questionnaires

No

Both
modalities
performed?

Yes

A 4

Final feedback
collection

A 4
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a three-point scale: “yes”, “maybe” or “no”. The GEQ
assesses engagement across a number of key dimensions:
(i) immersion which is the extent to which participants
feel absorbed in the experience, (ii) presence that refers
to the feeling of being mentally and emotionally present
in the game-like environment, (iii) flow that indicates the
feeling of effortless involvement, where the challenge of
the task is well matched to the participant’s abilities, and
(iv) absorption that refers to the degree of emotional and
cognitive involvement, reflecting the extent to which the
experience captures attention and reduces awareness
of time. The overall engagement score is obtained by
analysing the frequency of “yes”, “maybe” and “no”
responses, with a higher proportion of “yes” responses
indicating greater overall engagement.

5.2 Experimental procedure

The experimental procedure included the following steps,
as shown in Fig. 9:

Mean Completion

Introduction: Each participant was introduced to the
activities and the gamification type they would be under-
taking during the experiment.

Empatica E4 setup: Participants were equipped with the
non-invasive biosensor Empatica E4 wristband, which
measures physiological signals such as electrodermal

Standard

Boxplot of Mean Completion time by Modality
300 03
¢ Median
Q1

250

‘ Modality
@ g :
£ NG
o 2%
£
=

150

G NG
Modality

P-value(wilcoxon)= 0.33

(@)

Mean Completion

time [s]

activity (EDA) and heart rate variability (HRV). This
device collected continuous data throughout the experi-
ment.

Training phase: Participants underwent a brief training
session in which they were instructed on how to perform
the collaborative assembly task correctly.

Baseline measurement: A 2-min baseline period was con-
ducted to establish a reference for physiological meas-
ures.

First modality assembly: Participants began the experi-
ment by completing five repetitions of the collaborative
assembly process in one of the two modalities randomly
selected (gamified or not gamified). The first group of 15
participants performed standard gamification, while the
second group narrative gamification.

Questionnaires: After completing the first modality, par-
ticipants were asked to fill in a series of questionnaires,
including the NASA-TLX, the Self-Assessment Manikin
(SAM) and the Game Engagement Questionnaire.
Second modality assembly: Participants performed the
5 repetitions of the assembly in the second modality. At
the end participants completed the same set of question-
naires.

Final feedback: After completing both trials and giving
their feedback of the two processes, the experiment was
completed.

Narrative

Boxplot of Mean Completion time by Modality

Q3
Median
300 Q1

* Mean

250

Modality
. B
E3 ne

200

G NG
Modality

P-value(t-test) <0.001

(b)

Fig. 10 Boxplot of completion times for both types a standard and b narrative in gamified (G) and not gamified (NG) modality
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6 Results

The analysis of the experiment focused on several key met-
rics to assess the impact of gamification on the collaborative
assembly process, including completion time, process errors,
physiological stress indicators and perception question-
naires. Each of these metric was collected in both the stand-
ard gamification and narrative gamification types, as well as
the not gamified baseline. For each gamification type (stand-
ard and narrative), the normal distribution of the data in both
the gamified (G) and non-gamified (NG) modality was first
checked using the Shapiro test [52]. Appendix 4 shows the
histogram plots of the main data collected. Based on the
results of this normality test, appropriate hypothesis tests
were then conducted to determine statistical significance:

e Paired t-tests were used if the data followed a normal
distribution.

e Paired samples Wilcoxon signed rank test was used when
the normality assumption was rejected [53].

As the same participants performed both gamified and
non-gamified modality, paired tests were performed to high-
light differences between the two gamification approaches.
Statistical significance was set at a p-value of less than 0.05.

Standard

Boxplot of Process failures by Modality Q3
100 . Median
Q1

75

[%]

[

—_

.g Modality

8 5 =)

a B e

Q

o

o

o

o

G NG
Modality

P-value(wilcoxon)= 0.31

(a)

6.1 Completion time

Completion time can be considered a measure of the effi-
ciency of the process, and it is computed as the overall time
necessary to assemble the product. For each gamification
type, the mean completion time is calculated as the average
of the 5 repetitions for each participant in each of the two
modalities (i.e. gamified or not gamified). The related histo-
gram plots of these data are shown in Appendix 4 — Fig. 18.
The box plots for completion time in both the standard gami-
fication and narrative gamification show clear differences in
performance compared to the non-gamified (NG) modality
(see Fig. 10).

In the standard gamification (a), the mean completion
time for the gamified (G) modality is lower than for the
non-gamified (NG) modality. However, the p-value from
the Wilcoxon test (p = 0.33) indicates that this reduction
in completion time is not statistically significant, suggest-
ing that while there may be some improvement in efficiency
with standard gamification, it is not enough to confirm a
significant effect. In the narrative gamification (b), the mean
completion time in the gamified (G) modality is significantly
lower than in the non-gamified (NG) modality. The p-value
from the paired #-test (p < 0.001) indicates that this reduction
is statistically significant, showing that in this preliminary

Narrative
Boxplot of Process failures by Modality Q3
8 Median
Q1
6
[2]
g
g Modality
8, =S
a =]
[0]
[&]
o
o
G NG
Modality

P-value(wilcoxon)= 0.22

(b)

Fig. 11 Boxplot of human-caused process failures for both types a standard and b narrative in gamified (G) and not gamified (NG) modality
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experiment narrative gamification led to a significant
improvement in task completion time.

6.2 Process failures

Process failures were computed as the total number of
failures found in the 5 repetitions of each modality. The
histogram plots of process failures are shown in Appen-
dix 4 — Fig. 19. The analysis of process failures in both
the standard and narrative gamification did not provide
significant results (see Fig. 11). In the standard gamifica-
tion, the median number of process errors for the gami-
fied (G) modality is slightly lower than the non-gamified
(NG). However, the p-value from the Wilcoxon test (p =
0.31) indicates that this difference is not statistically sig-
nificant. Similarly, in the narrative gamification type, the
p-value from the Wilcoxon test (p = 0.22) still indicates
that the difference is not statistically significant.

6.3 Physiological signals

Electrodermal activity (EDA) and heart rate variability
(HRV) were analysed to assess physiological responses
related to stress and engagement during the collaborative
assembly tasks. For EDA, Skin Conductance Level (SCL)
was chosen as the primary measure since it is considered

Standard
Boxplot of Mean SCL scaled by Modality Q3
Median

2 Q1
kel
Q<
o
O
(2] | Modality
1 B
8 0 =Y
C
©
[}]
=

-2

G NG
Modality

P-value(wilcoxon)= 0.14

(a)

more suitable to analyse sweat production over time
intervals [54], and for HRV, RMSSD was used. These
measures were chosen because of their relevance to the
monitoring of stress and autonomic nervous system activity.
For both metrics, individual scores were standardised to
account for individual differences by calculating z-scores
using the formula:

= —— 4)

where z;; is the z-score i for participant j, x; the observa-
tion i for participant j, x; the sample mean for participant j,
and s; the sample standard deviation for participant j, with
i=1,...,5and j =1,...,30. Hence, the mean SCL scaled
value was obtained by averaging all the SCL scaled values
within a single repetition. The histogram plots for Mean SCL
scaled values are shown in Appendix 4 — Fig. 20. The box
plots in Fig. 12 show the mean SCL for both gamified (G)
and non-gamified (NG) modalities for standard and narrative
gamification.

In the standard gamification type, the mean SCL for the
gamified modality is slightly lower than for the non-gam-
ified modality. However, the p-value from the Wilcoxon
test (p = 0.14) indicates that this difference is not statisti-
cally significant. This suggests that while there may be

Narrative

Boxplot of Mean SCL scaled by Modality
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Fig. 12 Boxplot of Mean SCL for both types a standard and b narrative in gamified (G) and not gamified (NG) modality
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Fig. 13 Boxplot of RMSSD for both types a standard and b narrative in gamified (G) and not gamified (NG) modality

some effect on stress reduction in the gamified modality,
the effect of standard gamification on physiological stress
is not strong enough to be statistically significant. In the
narrative gamification, the median SCL for the gamified
modality is significantly lower than in the non-gamified
modality, with a p-value of 0.04, indicating statistical sig-
nificance. This suggests that narrative gamification had a
more pronounced effect on reducing physiological stress,
as reflected in lower SCLs during the gamified tasks. For
RMSSD (see Appendix D — Figs. 21 and 13), no statistical
significance emerged.

6.4 Questionnaires

The questionnaires analysed were NASA-TLX, SAM and
GEQ. Regarding NASA-TLX, in the standard gamifica-
tion type, no significant differences were found between
the gamified and non-gamified modalities on any of the 6
dimensions (see Fig. 14a).

In standard gamification indeed, some participants
reported that they did not feel immersed in the game, with
many stating that they did not even engage with the inter-
face, which likely explains the lack of significant findings
for perceived workload and performance. However, several
significant differences emerged in the narrative gamification
(see Fig. 14b):

@ Springer

e Frustration was significantly higher in the non-gamified
modality, suggesting that the narrative elements in the
gamified version helped to reduce participants’ frustra-
tion by providing engagement during the task.

e Physical demand was also significantly higher in the non-
gamified modality, suggesting that participants found the
gamified task less tiring. This may be due to the immer-
sive and guided nature of the narrative, which made the
task feel more fluid and manageable.

e Performance was rated higher in the gamified modality,
which is a negative finding in this context. The NASA-
TLX scale for performance is inverted, meaning that
lower scores indicate better performance perceived. Par-
ticipants in the gamified modality felt less successful in
completing the task, possibly due to the immediate audio
and graphical feedback they received during the task.
This real-time feedback likely made them more aware
of their mistakes or inefficiencies, thus reducing their
perceived performance success.

The contrast between the standard and narrative gamifica-
tion results suggests that narrative elements may play a role
in user engagement and workload perception. In the stand-
ard gamification, participants were not as engaged with the
gamified elements, whereas in the narrative type, the feed-
back mechanisms significantly influenced their experience.
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Fig. 14 Boxplot of NASA-TLX dimensions for both types a standard
and b narrative in gamified (G) and not gamified (NG) modality

The Self-Assessment Manikin (SAM) questionnaire was
used to measure participants’ emotional responses across
three dimensions: arousal, dominance and valence. Results
for each dimension were compared between the gamified
(G) and non-gamified (NG) modalities (see Fig. 15). In both

Standard
Boxplot of SAM dimensions by Modality
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Narrative
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Fig. 15 Boxplot of SAM dimensions for both types a standard and b
narrative in Gamified (G) and not gamified (NG) modality

the standard and narrative gamification, no statistically sig-
nificant differences in arousal were observed between the
gamified and non-gamified modality. This suggests that
neither type of gamification had a noticeable effect on how
participants felt during the task. Similarly, no significant dif-
ferences were found in the dominance dimension for either
modality. Finally, in the standard gamification, there was

@ Springer



The International Journal of Advanced Manufacturing Technology (2025) 137:6043-6071

6060

sassaoo1d Ajquiosse
ur uonnadwod A[puaryy JurSeInodou? ‘sJunjuel weo)
y3noxy ssai3oid pue souewioyrad aredwod ued SIOYIOAN

JuowaAoxdwr

Teuosiad Jo asuas € 03 SUNNQLIIUOd ‘(S109Jop Suronpar 1o
poads Ajquiasse Suraoiduwr "3-9) ssor3oid I1oy) 99S SIAIOM

POWaYMISA0 Jou Ing ‘paSud|

-[eyd sAem[e 2Ie $10q0J PUe SIAYIoM FULINSUD ‘douew
-10510d w0 paseq AnoyyIp yses sydepe woysAs peyrwres Yy,

spreoqysep

[eoydess uo pakerdsip ‘Apuaroyje sysel Junordwod
uaym (serydon ‘sa3peq) SpIemal [eNSIA JAIIOAI SIONIOAM

(303fo1d yua3in ue 10§ syred
[eono Surjquiesse ‘S°0) UoISSIW & Jo Jred ore s10qod pue
SIONIOM IUM JATIBIIRU B UIYIIM SYSB) A[qUIasse Jurwel, ]
$10q0J }1M SUTIBIOQR[[0D A[IYM A[IUIID
-1Jo $]00) oh152ds asn 10 AW J13Y) JBIO[[E ISNU SIIOM
souewojrad
rewmndo 10§ sy[se} A[qQuIasse UT S10q0d Y)Im 9)eIOqR[[0d
0} sanbruyd9) 10 S[00) JUSISPIP 9SO0YD UBD SINNIOM
JIOY)O OB )M SII0IS
Surredwoos ‘saSuaeyo paseq-urea) ur 93odwod ued SIOIOAN
Kou91IoyJe pue UoIeUIPIO0d Jul
-stundo ‘10130301 syse) 9)o[dwod Jsnuw $)0qOd PUEB SISO
pawIojur s1a310m doay 0) S[00) YV JO SURIIS Y3NnoIy)
(AoeInooe ‘paads *3-9) sornowr swn-[ear Aefdsip s10qo)
SPIBMAI 9AT091 0) poLIad UIRIIAD B UIYIIM SYSE)
910[dw00 IS SIOIOM IAYM ‘SOSUR[[RYD A[QUISSSE PowWL],
(yrun] own B uTyIM sied Jo Joquunu UTe}Iad € 9[q
-wosse “39) SOFU[eYD APeoM JO A[IEp UQAIS dIB SIONIOA
syse)
Ajquiasse ur douewIo)1ad 119y dA01dwl SIOYIOM SB (SN
osuodsar 19)se] "S°9) $100J JO SOINJLYJ PIOUBADPE JOO[U[)
ssar3oxd
U0 Yorqpad) awm-[eal apraoid sj0qo)) ‘Aouaroyje 10 paads
‘KoeInode yiim syse) Sunodwod 10y sjutod uIes SIIOAN

SIUQWIQAQIYOR paleys IO sSunjuel wea) ‘SpIeoq
-I9pe9[ Yy3no1y) Juowagesus Sunowold (UoIjorRIdUI [BI00S

SI10)edIpUl

juawrdoraAap [[Is Jo swa)sAs Sunjues ‘sdn-[oas] ySnoiyy
‘owm) Joao juowaroidur Surseomoyg :ssar3oid Jo asuog

JIqe

-AQ1YOR Inq Surdus[eyo A[rewndo are syse) aIayMm ‘Snooy
daap 91ea1d 01 9ouarIadxa o) SuTuSISO(] :MOp/UOTSISUIUI]

spIeme Io sa3peq ‘Suryoen; ssar3oxd y3noryy
§S900NS$ JO SJUSWIOW FUNBIID) :UONIRJSTILS/JUIWAYOY

UOIRIOQR[[0d A} JOJ IXIU0D e
-QI0 JO SYSB) QWERIJ 0) SALIO)S JuIs) :FUI[[AIAI0IS/AATIRIIBN
S[e0S 9AQIYOE 0) paSeurwW 9q 0} PAU Jey) (S[00)
‘aum) $90IN0saI P Suronponuy :AJ10Ieds 010y

uonejuowradxe Surdemnoous ‘syse) 9)o[dwod

0) spoyjou Jo syjed JUAIYIp SULIDJQ :SIO10YD 2139)eNS
douewioyrad 10))9q 9AJIYOE 0 SIONIOM

Suowre uonnedwos Ajpustyy Furemnoouy :uonnedwo))
Syse} 10 S[e0T pareys Y3noiy) s)0qol pue SINMIoM Uewny

U2aM)aq JIomured) JuISeInoduy uonoeIuI aAneIadoo)
Qouewnioyrad joapar 03 (sreq ssardoxd

‘$9109S) YOrQPAJ SNONUNUOD SUIPIAOCI] :SWN)SAS YOBAPII]
Kouaroyye 93eInooud 10 Aoua3In IseaIoUI 0)

SYS®) 0} SJUTRIISUOD SWT) SUIPPY :SIWI] SWI) PUL SIQWL],
JuoWRe3ud 93eIN0JUD 0) SIASN 0)

sa3uay[eyo o syse) oyroads Suruissy :sysenb/sa3usyrey)

sa3e)s y3noiy) ssar3oid s1osn
se saniIqeded J0 s)Se) Mou Jur{oo[u() :uoIssaI3oid/s[eaaT

SQuo)so[IW douewrioyIad
1o uono[duwod yse) I0J SIOYIoM SUIPIemMY :SWISAS UI0g

SOIWRUAP pUB SOIUBYIAW Y} Aq pasuanjjur

‘SIOSN UT PIYOAS SIOUALIAAXS JO $asU0dsar [BUONOWD Y],  SONYISOY
soe[d ur sorueyoaw 9y}
JO 9sNEeddq 9TIOWD Jey) SUONORIDUI PUB SINOTARYSQ 9Y], SOIUBUA(]

owes oy} jo
UONEPUNOJ A} ULIOJ JB[) SWISAS PUB SIMINNS ‘SA[NI Y], SIIUBYIA

K[quiasse aaneIoqe[[od ur sojduwexg

S[00) [eOT)ORIg

uonmuye( UoISUSWI

A[qUIasse 9ATIBIOQR[[0D UT SIomawel] VA Y3 Jo uoneorddy | sjqel

pringer

AQs



The International Journal of Advanced Manufacturing Technology (2025) 137:6043-6071 6061

Table 2 List of product’s parts, codes and quantities, list of the elementary task of the assembly process (divided in the 4 main phases) and the
related allocation between human and robot

Product characteristics Assembly process HRC Task allo-
cation
Parts and fasteners  Code Quantities Elementary task Human Cobot

(same in manual and HRC)

Base Base 1 1.1 Pick and place Base X
Lateral support Cla/Clb 2 1.2 Pick and place Cla and C1b on Base X
Joint component C2 1 1.3 Preliminary screwing Cla and C1b on Base X
Cutting component  C3 1 2.1 Placing the subassembly (Base +Cla +C1b) out of the assembly area X
Blade L1 1 2.2 Pick and place C2 X
Tile blocker C4 1 2.3 Pick and place C3 in C2 X
Rail rod Pla/PIb 2 2.4 Screwing C3 and C2 X
Handle P2 1 2.5 Pick and place L1 X
Bolt type 1 Bl 2 2.6 Screwing L1 and C3 X
Bolt type 2 B2 1 2.7 Pick and place C4 in C3 X
Bolt type 3 B3 2 2.8 Screwing C4 and C3 X
Nuts type 1 N1 2 3.1 Placing the subassembly (C2 +C3 4+ C4 +L1) out of the assembly area X
Nuts type 2 N2 1 3.2 Pick and place subassembly (Base +Cla 4+ Cl1b) back in the assembly area X
Nuts type 3 N3 2 3.3 Insert subassembly (C2 +C3 +C4 +L1) in both P1a/P1b X
3.4 Insert P1a/P1b in Cla/Clb X
3.5 Final screwing C1a/C1b on Base X
3.6 Pick and place P2 X
3.7 Screwing P2 X
4.1 Pick the final product and place out of the assembly area X
a statistically significant difference in valence (p < 0.05).
Table 3 Completion times of Phase C'[s] O[s] T7s] Participants in the gamified modality reported lower valence
the four phases of the tile cutter 4 d d scores, indicating less positive emotions, compared to the
assembly process 1 13 57 70 non-gamified modality. This could be due to participants
2 16 103 119 being more aware of their performance and feeling less sat-
3 20 80 100 isfied with their achievements, as previously noted in their
4 11 0 11 NASA-TLX performance ratings.

Table 4 Human-caused process failures considered in the experiment (adopted from [10])

Process failures Description

Wrong part selection The operator picks up the wrong part according to the correct assembly sequence
Dropping of parts Operator drops a part/subassembly/final product involved in the assembly process

Wrong part positioning Operator places a part/subassembly incorrectly with respect to what the task requires
Incorrect assembly Operator assembles a part/subassembly incorrectly

Part damage Operator causes structural damage to a part/subassembly/final product

Dropping of screws Operator drops a screw

Dropping of nuts/washers Operator drops nuts/washers

Wrong input to cobot the operator gives input to the cobot at the wrong time according to the assembly sequence
Wrong screws/nuts/washers selection The operator picks up the wrong screw/nut/washer according to the correct assembly sequence
Wrong screws/nuts/washers positioning Operator places a screw/nut/washer incorrectly with respect to what the task requires
Incorrect assembly of screws/nuts/washers Operator uses screws/nuts/washers incorrectly

Dropping of tools Operator drops tools (e.g. screwdrivers)
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Table 5 Results of GEQ GEQ

Item

YES MAYBE NO

Standard Narrative Standard Narrative Standard Narrative

I lose track of time

Things seem to happen automatically

I feel different
I feel scared
The game feels real

If someone talks to me, I don’t hear them

I get wound up

Time seems to kind of stand still or stop

I feel spaced out

I don’t answer when someone talks to me

I can’t tell that I'm getting tired
Playing seems automatic
My thoughts go fast

I lose track of where I am

I play without thinking about how to play

Playing makes me feel calm

I play longer that I meant to

I really get into the game

I feel like I just can’t stop playing

6 6 3 3 6 6
9 10 1 4 5

5 4 5 4 5 7
0 0 0 0 15 15
6 7 2 8 7 0
1 3 5 5 9 7
5 1 5 5 5 8
2 5 4 4 9 6
3 3 1 4 11 8
0 1 3 4 12 10
6 5 4 3 5 7
9 10 4 3 2
6 5 7 5 5
3 1 2 4 10 10
5 7 4 4 6 4
3 4 5 8 7 3
1 4 7 2 7 9
12 13 0 2 3 0
2 2 3 3 10 10

Table 6 Standard and narrative gamification assessed through the
MDA framework

Dimensions Practical tools Standard Narrative
gamification ~ gamification
Mechanics Points X
Levels
Challenges X X
Time limits X X
Feedback systems X X
Dynamics Cooperative X X
Competition
Strategic choices
Resource scarcity
Aesthetics Story telling X
Achievements X X
Immersion X
Sense of progress X X

Social interaction

The results of the Game Engagement Questionnaire
(GEQ) are shown in Table 5. In the narrative gamification
type, more participants reported that the game felt real (7
“Yes” in narrative with 8 “maybe” vs 6 “yes” in stand-
ard with 2 “maybe”), and a higher number of participants
reported that they “really got into the game” (13 “Yes” in
narrative with 2 “maybe” vs. 12 “yes” in standard). This
suggests that the narrative elements increased the sense of

@ Springer

immersion. Participants in the narrative type were more
likely to lose track of time, with 6 “yes” responses in both
cases, but a greater number in the narrative type felt that
“time seemed to stand still” (5 “yes” in narrative vs. 2 in
standard), that may suggest greater absorption in the task.
In both types, a high number of participants felt that the
task became automatic, with 10 “Yes” in narrative and 9 in
standard, indicating a similar level of fluency in task per-
formance. Finally, participants in the narrative gamification
type reported feeling calmer (4 “Yes” with 8 “maybe” for
narrative vs. 3 “yes” with 5 “maybe” for standard), consist-
ent with findings that narrative gamification reduced frustra-
tion and increased emotional engagement. Hence, narrative
gamification led to slightly greater immersion and absorp-
tion, while standard gamification showed slightly lower
engagement in these areas. The other items did not show
any interesting results.

7 Discussion

This study investigated the feasibility of applying gamifi-
cation to collaborative assembly by providing preliminary
insights into its potential impact. Referring to the MDA
framework introduced in Sect. 3, Table 6 outlines how
the two types of gamification meets the key dimensions of
mechanics, dynamics and aesthetics [13] and the related
practical tools provided in Table 1. Standard gamification
primarily covers the dimensions of mechanics and dynamics,
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Table 7 Summary of the main results obtained

Family Variable/tool

Main results

Performances Completion time
Process failures
EDA — Mean SCL
HRV-RMSSD

NASA-TLX

Physiological signals

Questionnaires

SAM
GEQ

Narrative gamification significantly reduced completion time

Less failures in gamified modalities (although not statistically significant)
Narrative gamification significantly reduced stress in operators

Not clear differences

In narrative gamification participants reported less frustration and physi-
cal demand with respect to the not gamified modality

Not clear differences

Greater immersion and absorption in narrative gamification

incorporating challenges, scoring and feedback systems, but
lacking enough aesthetic elements. In contrast, narrative
gamification excels in the aesthetic dimension, using sto-
rytelling to enhance immersion and emotional engagement.

From a mechanics perspective, standard gamification
showed its strength in structuring tasks with elements such
as points, time limits and feedback systems. These elements
helped to create a structured environment, but participants in
this gamification type reported a lack of immersion, which
may explain the limited emotional engagement and aware-
ness of performance feedback. This suggests that standard
gamification, while functional, may not fully exploit the
motivational potential of gamification, particularly in tasks
that require deeper emotional and cognitive engagement.
In contrast, narrative gamification excelled in the aesthetic
dimension by embedding storytelling, which enhanced
immersion and emotional engagement. The results showed
that narrative elements reduced frustration and physical
demands, creating a smoother and less stressful experience.
However, the real-time audio and graphical feedback in nar-
rative gamification, while improving participants’ awareness
of their performance, paradoxically led to lower perceived
success as participants were more aware of their mistakes.
This highlights the delicate balance required in gamified sys-
tems: while feedback can improve performance, it can also
negatively impact if not carefully managed. Table 7 sum-
marises the main findings of this study.

In general, narrative gamification significantly reduced
physiological stress indicators (Electrodermal Activity-
EDA) and operator frustration, likely due to the immersive,
audio-based storytelling that intuitively guided operators
through collaborative tasks. Standard gamification also
showed positive effects, although not significant, by pro-
viding clear visual feedback, structured task guidance and
immediate performance metrics. However, the clear advan-
tage of narrative gamification observed in this study can be
attributed to its greater ability to improve emotional engage-
ment and reduce operator stress by increasing a deeper sense
of immersion and flow [17]. The findings of this prelimi-
nary study are consistent with the few existing studies in

the literature on gamification in manufacturing contexts.
Similar to Dolly et al. [3], the present findings suggest that
gamification can positively influence operator performance
and reduce frustration during assembly tasks. However, this
paper also shows that narrative gamification has the poten-
tials to specifically improve operator well-being. This is
in line with Seo et al. [38] who also found that narrative
gamification promotes intrinsic motivation. Furthermore, the
current findings are consistent with those reported by Lee
et al. [24], who found that a carefully designed gamification
framework applied to an automotive bolt-tightening assem-
bly task effectively increased worker motivation and led to
better performance.

8 Conclusions

Gamification has been shown to be effective in increasing
engagement, motivation and performance in various
domains; however, its application in manufacturing remains
underexplored. The primary contribution of this study is
to develop practical guidelines and show how gamification
can be strategically implemented in collaborative
assembly processes. By empirically comparing two
different gamification modalities, namely standard and
narrative, the study revealed unique benefits associated
with narrative gamification in particular. Specifically,
narrative gamification significantly reduced physiological
stress indicators and operator frustration, primarily due to
the increased immersion and sense of flow facilitated by
audio-driven storytelling. Standard gamification, although
less emotionally impactful, demonstrated potential by
providing clear visual feedback, structured task guidance
and immediate performance metrics. In addition, the
integration of objective physiological measures (such
as EDA) alongside subjective self-report measures
strengthened the robustness of the findings, providing
insights into the operator experience beyond traditional
performance metrics.
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Despite these promising findings, this study presents
some limitations:

e The relatively small sample size and the participation
of students rather than experienced industrial work-
ers limit the generalisability of these findings to real
industrial contexts.

e The assembly task chosen for this study was relatively
simple and may underestimate the challenges inherent
in typical manufacturing operations. In addition, the
results are inevitably influenced by the way the robot
was specifically programmed.

e The short-term nature of the experiment leaves unan-
swered questions about sustained operator motivation
and potential boredom or disengagement that may
occur with prolonged exposure to gamified tasks.

e The simplicity of the gamification technology used,
which relied on basic visual and audio feedback sys-
tems, may limit the depth of operator immersion and
long-term engagement.

To address these limitations and increase the generalis-
ability and robustness of these findings, future research
will be addressed to:

e Expanding the sample size and include professional
operators to better reflect industrial realities and vali-
date the practical utility of gamification.

e Evaluating gamification in more complex assembly
scenarios to explore the scalability and effectiveness
of gamification under realistic manufacturing condi-
tions. Further research could also explore how differ-
ent gamification design can affect operator engagement
and performance, potentially leading to more adaptable
and personalised gamification strategies. Moreover, it
is also worth exploring if the usage of different evalu-
ation variables or tool would affect results in terms of
the effectiveness of gamification strategies.

e Conducting longitudinal studies to assess operator
engagement, motivation and potential boredom or dis-
engagement over time.

e Exploring adaptive gamification mechanisms tailored
to operator characteristics, preferences and real-time
responses, potentially integrating advanced immersive
technologies such as augmented reality (AR) or virtual
reality (VR) to maximise engagement.

In conclusion, the results of this exploring study suggest
that gamification, particularly narrative-based approaches,
can significantly improve worker engagement, reduce stress
and enhance process quality in collaborative assembly pro-
cesses, providing tangible benefits to the manufacturing

@ Springer

sector. In highly variable and human skill-dependent
assembly tasks, where operators must frequently interact
with cobots and adjust their actions based on real-time feed-
back, gamification can serve as a tool to ensure smoother
collaboration. In particular, industries such as electronics
assembly, automotive manufacturing and precision engineer-
ing, where human dexterity and cognitive decision-making
are essential, could benefit from increased engagement and
motivation through well-designed gamification strategies.
In addition, training processes for new operators could use
gamification to accelerate skill acquisition and retention. By
integrating real-time performance feedback and immersive
storytelling elements, manufacturing companies can create a
more stimulating and efficient working environment, in line
with Industry 5.0 principles that emphasise both productiv-
ity and worker well-being.

Appendix 1. NASA-TLX [49]

Mental Demand

Lottty

Very Low Very High

How mentally demanding was the task?

Physical Demand

Lttt

How physically demanding was the task?

Very Low Very High
Temporal Demand How hurried or rushed was the pace of the task?
IIIIIIIIII|IIIIIIIIII
Very Low Very High
Performance How suc sful were you in accomplishing what
you were asked to do?
IllIIIIIlI|IIIIIIIIII
Perfect Failure

Effort How hard did you have to work to accomplish
your level of performance?

EEREEEEEEE AN

Very High

Very Low

Frustration How insecure, discouraged, irritated, stressed

and annoyed wereyou?

Vo

Very Low Very High

Fig. 16 NASA-TLX [49]
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Appendix 2. Self - Assessment Manikin [50]

Fig. 17 Self-Assessment Mani-
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Appendix 3. Game Engagement
Questionnaire [51]

Table 8 Game Engagement Questionnaire [51]

Item n. Item

1 I lose track of time

2 Things seem to happen automatically

3 I feel different

4 I feel scared

5 The game feels real

6 If someone talks to me, I don’t hear them
7 I get wound up

8 Time seems to kind of stand still or stop
9 I feel spaced out

10 I don’t answer when someone talks to me
11 I can’t tell that I’m getting tired

12 Playing seems automatic

13 My thoughts go fast

14 I lose track of where I am

15 I play without thinking about how to play
16 Playing makes me feel calm

17 I play longer than I meant to

18 I really get into the game

19 I feel like I just can’t stop playing
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Appendix 4. Histogram plot of the data
collected

Mean completion time [s] Mean completion time [s]

| L]
Standard : Narrative
I
Histogram of Mean Completion Time - Gamified : Histogram of Mean Completion Time - Gamified
6 : 4
i
|
|
: 3
4 |
O |
& |
= oy I 32
c & 5
E > ! >
5 B g
2 ! s
) | 1
|
|
I
0 ! 0
100 150 200 250 300 I 150 180 210
I
|
|

Histogram of Mean Completion Time — Not Gamified Histogram of Mean Completion Time — Not Gamified

Mean completion time [s] Mean completion time [s]

T
I
I
|
I 5
|
g :
I 4
I
i
© 34 : 2 3
QD 5 5
N— 3 | =]
_ T I o
£ 2 | & 2
— [
53, |
=z O |
! 1
I
|
0 : 0
100 150 200 250 300 l 150 200 250 300
I
I

Fig. 18 Histogram plots of the mean completion times
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Standard Narrative

Histogram of Process failures- Gamified Histogram of Process failures - Gamified
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Fig. 19 Histogram plots of the process failures
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Fig.20 Histogram plots of mean SCL scaled
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