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Resumo

Digital Twins estdo a tornar-se um elemento arquitetonico e funcional numa variedade de sistemas
de gestdo de sistemas fisicos. Desde produtos complexos até a interligacdo de componentes em
processos igualmente complexos, os Digital Twins estdo a afirmar-se como o conceito cognitivo
com o qual os operadores interagem para conceber, gerir, controlar e manter esses produtos e
processos. As suas capacidades de monitorizagdo em tempo real, simulacdo e andlise preditiva
trazem uma grande inovacio para indmeras dreas.

Apesar desta evolugdo, continua a haver um conhecimento limitado sobre como implementar a
interacdo humana e a experiéncia do utilizador neste tipo de sistemas. Esta dissertacdo aborda essa
lacuna na literatura propondo uma metodologia de design centrado no utilizador, com o objetivo
de melhorar a usabilidade, acessibilidade e eficiéncia dos sistemas baseados em Digital Twins.
Através de uma revisdo exploratdria da literatura e entrevistas a especialistas, este estudo identi-
fica os principais desafios da experiéncia do utilizador e estabelece requisitos de design de alto
nivel para sistemas baseados em Digital Twins. A abordagem proposta enfatiza a importancia da
aplicagdo de técnicas de design centradas no utilizador, como a implementagao de interfaces orien-
tadas por funcdes e o desenvolvimento baseado em protétipos, para apoiar uma interagao eficiente
entre humanos e maquinas.

A metodologia foi validada através da sua aplicacio no projeto RENEE, que promove princi-
pios da economia circular através da remanufatura assistida por inteligéncia artificial. O caso
de estudo envolveu o desenvolvimento de protétipos de interface a nivel estratégico, titico e op-
eracional, apoiados por avaliacdes de usabilidade. Os resultados obtidos demonstram que a in-
tegracdo de principios de experiéncia do utilizador no desenvolvimento de sistemas baseados em
Digital Twins aumenta a satisfagao dos utilizadores, diminui a taxa de erros e simplifica o processo
de tomada de decisOes. Este trabalho contribui ainda para a mudanga de paradigma industrial, ao
promover a importincia do ser humano no design de sistemas digitais, da sustentabilidade e da
resiliéncia, valores que se alinham aos principios da Indtstria 5.0.



Abstract

Digital Twins are becoming an architectural and functional element in a variety of systems manag-
ing physical assets. From complex products to the interconnection of assets in complex processes,
digital twins are becoming the overarching cognitive concept that operators interact with to de-
sign, manage, control and maintain those products and processes. Their real-time monitoring,
simulation, and predictive analytics capabilities bring great innovation to numerous fields.

Despite this evolution, there is still limited knowledge on how to design the human interaction
and user experience in these kinds of systems. This dissertation addresses this gap by propos-
ing a user-centered design methodology aimed at enhancing usability, accessibility, and system
efficiency in Digital Twin-based systems. Through an exploratory literature review and expert in-
terviews, this study identifies critical user experience challenges and establishes high-level design
requirements for Digital Twin-based systems. The proposed approach emphasizes the importance
of employing user-centered design techniques, such as role-based user interfaces, and prototype-
driven development to support efficient user interaction.

The methodology was validated through its application in the RENEE project, which promotes
circular economy principles via Al-enabled remanufacturing. The case study involved the devel-
opment and testing of interface prototypes accross strategic, tactical, and operational user levels,
supported by usability evaluations. The results obtained demonstrate that integrating user expe-
rience principles in the development of Digital Twin-based systems results in user satisfaction,
reduced error rates, and facilitates decision-making. This work also contributes to the industrial
paradigm shift, as it promotes human-centricity, sustainability, and resilience, which align with
Industry 5.0 principles.
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United Nations Sustainable
Development Goals

The United Nations Sustainable Development Goals (SDGs) consist of a seventeen item list con-
taining global goals to address global challenges and promote sustainable development. The SDGs
are a universal call to action to end poverty, protect the planet, and ensure peace and prosperity
for all by 2030. This dissertation aligns with and contributes to several of the SDGs, particularly
those related to sustainable industry, innovation, and responsible consumption, namely SDG 9 and
SDG 12.

The current study aims to enhance the functionality and usability of Digital Twin-based sys-
tems by introducing a user-centered methodology tailored to the needs of diverse industrial role.
The integration of these practices in advanced digital technologies allows users to fully leverage
the system’s capabilities, increasing productivity, therefore encouraging a wider adoption of in-
novation in industrial contexts. Thus, it supports SDG 9 — build resilient infrastructure, promote
inclusive and sustainable industrialization and foster innovation.

Furthermore, one of the RENEE project’s primary goals is to enhance remanufacturing pro-
cesses as part of a broader Circular Economy strategy. The integration of Digital Twins allows
for lifecycle tracking, predictive maintenance, and intelligent decision-making—key enablers of
waste reduction and resource efficiency. This objective strongly aligns with SDG 12, which aims
to ensure sustainable consumption and production patterns. Table 1 shows how this dissertation
can contribute to some SDGs’ targets.
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Table 1: SDGs’ targets covered by this dissertation.

v

SDG Target | Contribution Performance indicators and metrics
Upgrades factories to make
them more sustainable, Indicator 9.4.1: C0O2 emission
. with increased resource-use per unit of value added.
9. Industry, Innovation | 9.4 ] ]
efficiency and greater Metric: Amount of CO2
and Infrastructure ) i o )
adoption of environmentally- | emissions in the supply chain.
friendly industrial processes.
Indicator 9.5.2: Researchers
o (in full-time equivalent)
Promotes scientific research of . .
o ) per million inhabitants.
9.5 new advanced digital solutions )
) ) ) Metric: Increase the amount
in the industrial context. )
of researchers working on
the project’s development.
Indicator 12.2.1: In Material
footprint, material footprint
per capita, and material
Promotes the sustainable use footprint per GDP.
. of natural resources by Metric: Reduction in the use
12. Responsible 12.2 ] ] o ) )
. integrating CE principles in of raw materials per
Consumption and ] ]
. industrial processes. manufactured product through
Production o
optimization and
remanufacturing enabled by
Digital Twin systems.
o Indicator 12.5.1: National
Fosters CE principles, such as ) )
) ) recycling rate, tons of material
reduction, recycling and reuse,
12.5 ] ) recycled.
substantially reducing waste )
. Metric: Amount of recycled
generation. .
material.
Indicator 12.6.1: Number of
Encourages companies from companies publishing
12.6 diverse fields and of various sustainability reports.
' sizes to adopt sustainable Metric: Increase the amount
practices and report them. of companies publishing
sustainability reports.
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Chapter 1

Introduction

1.1 Context and Motivation

In recent decades, the industry environment has changed dramatically due to the massive growth
of technology, leading to great breakthroughs across numerous sectors. Framed in the paradigm
of Industry 4.0, the creation of Digital Twin technologies has become a remarkable development.

Throughout the years, the concept of a Digital Twin (DT) has evolved significantly. Initially,
the DT was described as a virtual replica of a physical product containing its information, which
was manually collected and mostly paper-based [25]. However, over time, with the advancements
of technologies like Internet of Things (IoT), Artificial Intelligence (Al) and Machine Learning
(ML), the DT capabilities have expanded.

Nowadays, DTs are considered intelligent and evolving agents that not only duplicate their
physical counterpart, but also have the ability to simulate, do predictive analysis, and directly
deploy changes to the physical system. DTs continuously receive data from sensors and can,
for instance, predict equipment failure and optimize processes in real-time, greatly improving the
efficiency of operations. This technology has proved itself to be a great innovation in the industry
sector since it allows real-time monitoring of systems.

Because of these capabilities, DTs brought numerous advantages to the sectors where they are
inserted, such as manufacturing, aviation and healthcare [7]. For instance, they can predict when a
device needs maintenance, helping to prevent failures and aid users in important decision-making
moments [8]. Among other functionalities, they are able to optimize processes, like production,
and simulate future scenarios for the Physical Twin. The physical twin includes the objects that are
virtually modeled, which can be "a single observable entity, a system, or a set of interdependent
entities" [42].

Despite the great importance the DTs have gained on the industry, the research and develop-
ment in this area has been mostly focused on the technical aspects, such as real-time data pro-
cessing and simulations [31], while the user interaction and experience side of it are still vastly

underexplored.
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Even with all the modernization observed in the industry, human performance still remains in
charge of the quality of products and the productivity [52]. As these innovations become more
prevalent in work spaces and even daily operations, User Experience (UX) plays a crucial role
in overcoming the gap between complex systems and users. A well-designed UX creates a user-

friendly and intuitive system that can minimize errors and increase efficiency and productivity.

1.2 Problem

Digital Twin systems deal with vasts amounts of data and, since they have the ability to, for
example, simulate real-world conditions and predict outcomes, predict the need for maintenance of
equipments, optimize production processes, and improve operational efficiency, they have become
an essential element in the industry.

Despite this positive impact, there is a critical gap between the technical evolution and the
user experience on DT systems. The current research and development is majorly focused on the
technical capabilities of these technologies and tend to overlook the importance of interface design
and user interaction.

As mentioned in section 1.1, the use of good UX practices, in most cases, enhances the user
capabilities and, by doing so, also improves the overall performance of the process in question.
Understanding how to accommodate users needs by studying their behaviors and preferences is
essential to allow users to take advantage of the full potential of technologies. By implementing
well-designed user interfaces, the system becomes more manageable and intuitive, ensuring that
both expert and non-expert users are able to successfully use it. For instance, a poorly organized
front-end with complex data causes users to have a hard time navigating, interpreting and operating
the systems.

In the case of DT-based applications, the lack of consideration for user interaction in the devel-
opment phase may have consequences for the users that operate them and for the industry where
they are inserted. Possibly, by addressing the issue in question, users would be able to take advan-
tage of the full potential of the DT, resulting in greater accuracy at crucial tasks like monitoring,
predicting and simulating events. Furthermore, providing an intuitive and positive user experience
results in lower rates of human error, reduced training time and overall a greater productivity and
user satisfaction.

This gap between the lack of user-centered design and the major technological development
on DTs is what motivated this dissertation. This project aims to address it by focusing on the
design and prototype of a user interface for DT based applications, as well as contribute to future

practical application and to the research on this topic.

1.3 Research questions

In order to better understand the impact of UX in DT based applications, the following questions

were designed:
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RQ1 In Digital Twin systems, how crucial is the development of a user-friendly User Interface,

and which design approaches improve usability the most?

RQ2 How does User Experience affect the functionality and efficiency of Digital-Twin based

applications?

RQ3 Is it relevant to define guidelines for Digital Twin development that integrate UX principles,
and how could these guidelines improve user satisfaction and system performance?

This project’s goal is to obtain a better understanding on how the integration of UX principals
affects the development and the use of DTs. This will be done by carrying out tests and validations
on how addressing UX challenges can enhance the operational efficiency of DT systems and the
overall user interaction. Each question was created to comprehend how DT technologies can be

optimized through improved design and user-centric development.

1.4 Report Structure

This report is composed of five main chapters. The current chapter presents the background and
motivation for the research, identifying the problem and relevant research questions that guide the
study. It highlights the relevance of Digital Twins in modern manufacturing activities, and the
importance of improving their usability.

Chapter 2 reviews the existing literature regarding Digital Twin technologies, their integra-
tion in manufacturing and in Circular Economy practices. Additionally, it addresses the recent
industrial paradigms, as well as relevant Circular Economy aspects. This chapter also brings focus
to the current practices of User-centered development in Digital Twin systems, and presents the
importance of user interfaces and user experience in complex environments.

Then, in chapter 3, the methodology employed in the study is detailed. It includes the de-
scription of the steps taken to develop the proposed approach, and the protocol used during the
expert interviews. Furthermore, the chapter 4 presents the results from the methodology. These
include the high-level requirements for User Experience in Digital Twin-based systems, as well as
an approach for the design, development, and testing of these systems.

In chapter 5 the proposed methodology is applied to a case study from the RENEE project.
This chapter tests the applicability of the proposed approach within a real manufacturing context.
It presents the results of usability testing, offering insights into system performance from a user

perspective. Finally, chapter 6 summarizes the key findings and contributions of the study.

1.5 Project development

This section outlines the institutional and project framework in which the dissertation was devel-

oped, as well as the timeline of its execution.
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1.5.1 INESC TEC and the RENEE Project

INESC TEC (Institute for Systems and Computer Engineering, Technology and Science) is a
private, non-profit research institution with 40 years of experience in research and development.
This dissertation was developed in the Enterprise Systems Engineering Center (CESE) of INESC
TEC, which create innovative services for industrial organizations while promoting high impact
management and expanding the scientific understanding of enterprise systems engineering.

The research work is part of the ongoing European Union-funded project titled RENEE —
Flexible Remanufacturing Using Al and Advanced Robotics for Circular Value Chains in EU
Industry. This project, which will be in course until 2027, is dedicated to advancing human-
centric and Al-enabled production systems. The main focus of the project is the integration of

Circular Economy principles within industrial manufacturing processes, which includes promoting

remanufacturing practices that minimize waste of resources.

1.5.2 Dissertation Work plan

Figure 1.1. presents the Gantt Chart of the development phases for this dissertation.
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Figure 1.1: Gantt Chart




Chapter 2

Literature Review

Recently, Digital Twin technologies have been emerging rapidly and, with this evolution, the lack
of attention given to UX and user interaction becomes more noticeable and critical. Understanding
how the users interact with these complex systems is crucial in order to evaluate their usability
and improve the efficiency of user interactions. Therefore, this literature review aims to obtain an

overview of studies that have addressed this issue and similar topics.

2.1 Methodology

This literature review follows an exploratory technique. This approach was chosen due to its
flexibility and the broadness of the theme at hand. It provides the opportunity to critically examine
the most relevant literature for this project while not enforcing strict protocols.

The identification phase of this process had the goal of identifying a wide variety of research
studies that addressed User Experience in Digital Twin based application and related topics. To
ensure a broad and relevant research on the subject, the databases used were picked based on their
relevance in the scientific community. The main data sources used were IEEE Xplore, SCOPUS,
ScienceDirect, Clarivate Web of Science, and ACM Digital Library.

The following search terms used were chosen to find the most relevant studies and research
on the topic: User experience, User interaction, Digital Twin, IoT, Human-Computer Interaction,
Usability requirements, Circular Economy and Remanufacturing. To refine the search, boolean
operator, such as "AND" and "OR", were used. By using search strings that include multiple rele-
vant terms, the results become more specific and pertinent to the study. Additionally, an iterative
process was employed to refine and improve the search results.

Then, the screening phase of the process aimed to filter and refine the results from the previous
phase, including the removal of duplicates and exclusion of studies that do not comply with the
defined inclusion criteria. In order to be included, a paper should be a result from the search
query using the previously mentioned search strings, to guarantee that the information is recent
and relevant to the theme. Moreover, it should be published in the English language, to allow

better understanding and maintain consistency during the review, and also have full-text access. A
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publication should also be discarded if it is still a work in progress, as it may include incomplete
analyses, lack robust conclusions and be subjected to significant changes during the peer-review
phase before the final publication. This will prevent unreliable information to be included in the
study.

Finally, in the selection phase, the contents of the selected publications are analyzed in multiple
steps. Firstly, each publication is reviewed by its title, and, if it fits well with the topic, it passes
to the following analysis step. After the title, the abstract is analyzed to confirm the relevance of
the publication and its followed by the analysis of the conclusions. Finally, the full text of the
document is examined.

During this analysis, the publication may be discarded at any step of the process when it
is revealed to be outside the scope or irrelevant to the study. The main tool used for reference
management was Zotero. This is an open-source software for managing bibliographic data and
research-related materials. Zotero provided a more efficient process due to its features, such as

customizable tagging, duplicate detection and automatic citation.

2.2 Digital Twin Technologies

This section aims to present an overview of concepts surrounding the Digital Twin technology,
including basic definitions, a summary of the common architecture of these systems and some

applications of Digital Twins.

2.2.1 Concepts and Architecture

The concept of the Digital Twin (DT) was first introduced in the early 2000s by Dr. Michael
Grieves in the context of a Product Lifecycle Management (PLM) course [25]. At the time, the
digital representation of physical systems was new and underdeveloped. Despite being a recent
technology, the concept of mirrored systems has been explored for many decades. The initial
definition of a Digital Twin referred to a virtual counterpart of a physical product that had the
ability to simulate, analyze, and optimize its performance throughout its lifecycle [7]. During that
time, information collection from the physical product was very rudimentary, since it was "limited,
collected manually, and mostly based on paper” [25].

In the following decades, the concept of Digital Twin has evolved significantly, reflecting the
technological advancements in various fields, such as the Internet of Things (IoT) and Machine
Learning (ML). In recent years, the research surrounding these systems has increased immensely,
but, despite this growing interest, there is a lack of consensus in the literature on the precise
definition of the Digital Twin. Nevertheless, the Digital Twin is seen as a way to improve the per-
formance of physical systems or entities through advanced computational methods executed by
the digital counterpart [31]. It provides rich virtual representations of real-world products that are
nearly indistinguishable from their physical twins. Through IoT sensors and other connected de-
vices, the digital twin has the ability to receive and process information collected from the physical

twin. This data is then used to make predictions or perform simulations of possible scenarios that



2.2 Digital Twin Technologies 7

the physical twin might encounter. These monitoring and managing abilities facilitate the analysis
and understanding of the product’s performance during its various life-cycle phases, leading to
more informed decision-making regarding the design, operation, and maintenance of the physical
counterpart.

The traditional DT architecture comprises three key components, the physical entity, the digital
counterpart, and the data connections linking the two, as shown in Figure 2.1. The physical twin
includes the objects that are virtually modeled, which can be "a single observable entity, a system,
or a set of interdependent entities". It is equipped with sensors and other monitoring devices that
collect real-time data, for instance of geometric shape, spatial position, behavioral state and the
logical structure of multiple physical objects in the system (the last one is only applicable to the
scenarios of a physical twin made up of multiple interdependent entities) [42].

The digital counterpart is a virtual representation of the physical twin, containing detailed
design, behavior, and performance data [7]. It integrates multi-domain perspectives to form a
high-fidelity model, with a software layer that employs Artificial Intelligence (Al) for diagnosis,
prediction, and decision-making [42].

The communication layer enables real-time, bidirectional data exchange. The physical twin
sends raw sensor data to the digital model, which processes it and returns useful outputs such
as performance adjustments, diagnostics, or control commands [25]. Accurate, real-time data is
essential for the digital twin to function reliably, forming a closed-loop system that continuously

optimizes the physical twin.

Action

Digital Twin Physical Twin

Raw data

-

Communication
Layer

Figure 2.1: Traditional Architecture of a Digital Twin

The DT is a versatile system that can have different levels of complexity, and can be analised
along different dimensions. For example, Shao et al. [59] show four dimensions of the desired
capabilities of DTs as Connectivity, Granularity, Visibility and Analyzability.

While these aspects are commonly used to assess the system’s performance, they also are
closely related to user experience. The connectivity dimension refers to the level of communica-
tion exchanged between the physical and the digital twin, and impacts the reliability and how fast
the users receive feedback from the system. Granularity represents the DT’s level of detail, which
can help the user to analyze future scenarios in different degrees. The analyzability aspect regards
to the way the DT can be used to assist on decision-making. Finally, the visibility of the DT relates
to their ease of perception for human beings. This topic is further explored in the coming sections
of this study.
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From a research point of view, the concept of Cognitive Digital Twin (CDT) introduces ma-
jor conceptual innovations to DTs, including the additional layer of intelligence that provides
cognitive abilities, such as autonomous adaptation, data-driven decisions, and learning capabil-
ities [79, 3]. Although CDTs include the aforementioned capabilities, their implementation is
highly complex and only guidance — e.g., the CDT reference architecture [79] — has been pro-

posed to facilitate design. However, this guidance does not include any kind of UX orientation.

2.2.2 Applications of Digital Twins

Before the formal definition of Digital Twin, there were some remarkable accomplishments per-
formed with mirrored systems, which share a similar concept. For instance, in 1970 during the
Apollo 13 mission, NASA researchers developed a simulated environment that replicated the
spacecraft to monitor it while being in distant physical spaces. During this mission, there was
an oxygen tank explosion, which could have resulted in a tragic ending to the mission, as there
were astronauts aboard, but, due to this mirrored systems, engineers on land were able to analyze
the situation and come up with a solution. By doing so, they guided the astronauts on how to
create an improvised air purifier using available materials on board and enabling their safe return
to Earth [7].

Currently, DT technology has been adopted by many sectors to perform various activities.
The first projects involving Digital Twins were mostly associated with aircraft, and the aviation
industry [45]. The main functions of the Digital Twin in this sector were to mirror and predict
the aircraft’s condition, its expected lifespan, and the likelihood of mission success. This technol-
ogy was used to simulate future missions, allowing engineers to study possible effects of various
parameter changes, determine the impact of potential malfunctions and validate error mitigation
strategies. Additionally, by receiving real-time data from sensors in the aircraft, the Digital Twin
could obtain continuous updates from the environment of the physical system. Through the use of
ML models, this data was employed to make continuous predictions of the physical twin’s condi-
tion. By doing so, the team could create early diagnostics of failures or potential damage to the
system and mitigate them rapidly [58].

Another application of the Digital Twin technology is in the development of smart cities,
which present a holistic approach to urban development. The Digital Twins are useful for creating
digital models of urban environments and real-time monitoring of the city’s services, such as waste
management and energy consumption. These functionalities improve the quality of life in these
cities while also promoting sustainability through innovative solutions [45].

In conclusion, Digital Twins have numerous applications in various and diverse sectors. Apart
from the ones presented above, it is also relevant to mention their importance in fields such as

healthcare, energy, and the metaverse.
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2.2.3 Digital Twins in Manufacturing

During the Industry 4.0 paradigm, Digital Twins gained traction in the field of smart manufac-
turing. In this case, their main purpose is to optimize the production processes in smart factories.
They are operable through the entire lifecycle of the physical product, from the design and develop-
ment stages to the end of its life cycle. The DT contributes to the improvement of the quality and
operational efficiency of product manufacturing by analyzing historical and real-time data. [42]
Additionally, the simulation abilities of Digital Twins are used in this environment as a way to
predict the system’s response to various events. This capacity allows manufacturers to optimize
production processes, plan logistics, and improve decision-making over multiple aspects. Through
the use of advanced technologies, including IoT, Al, and big data analytics, Digital Twins play a
crucial role in the development of smarter factories, the improvement of general performance, and,
eventually, the enhancement of digital management and low-cost manufacturing. [35].

As previously stated, Digital Twins are dynamic solutions that aim to improve physical en-
tities at different dimensions and lifecycle stages. Therefore, distinct Digital Twins must have
different characteristics and mechanics to achieve their intended goals [62]. Despite the fact that
this dissertation does not specifically focus on CDT, there are clear parallels between the proposed
architecture and the DTs used in the manufacturing context.

Firstly, to address the complexity of manufacturing processes, DTs are organized in a hierar-
chical, and modular structure, to obtain a more comprehensive representation of the environment
and its dynamics [77]. The Product Digital Twin represents the physical product, combining a vir-
tual model with relevant multidimensional information. Depending on their application, Product
Digital Twins contain descriptions of the product’s attributes, such as geometric information, and
expected behavior [11]. This Digital Twin accompanies the product throughout its entire lifecycle,
from design to manufacturing, and maintenance; and plays different roles, based on the product’s
lifecycle phase. For instance, during the design phase, it defines the product’s information, and
constraints. During the manufacturing phase, it tracks the different stages of the operation, and in
maintenance processes, it provides data related to the product’s history. such as its usage, failures,
or optimizations. Due to its unified nature, which allows for information exchange between every
phase, this model significantly benefits the manufacturing process.

Process Digital Twins are digital counterparts that focus on the manufacturing process. They
are made up of product digital twins, manufacturing procedure models, and process attribute data,
which connect the production and the product. They monitor, and control production activities,
and use real-time data to simulate and make improvements on manufacturing steps. Their ability
to detect errors, predict failures, and support decision-making activities promotes the optimization
of workflows in production environments. Additional DT stratification, such as the layers seen in
the CDT architecture, may be required depending on the system’s complexity. Eventually, product
and process DT can be linked, providing an integrated representation of the product life-cycle.

Secondly, the functional layers specify the functions provided by the CDT, both in the real and

virtual space. It is important to note that these functions are not applicable to every DT. In this
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context, the monitoring of the physical twin’s entire lifecycle becomes crucial to ensure reliable
processes, waste reduction, and high quality remanufacturing processes [30].

In spite of their clear technological capabilitities, DTs are socia-technical systems, meaning
that their value and performance derives from the effectiveness of human interaction. Thus, and
as the industry 5.0 paradigm becomes more prominent, there is an increasing need to characterize
these systems as tools that assists users. This shift requires DT systems to be designed with a heavy
focus on usability, and that meet the needs of human users. The following sections explore this
human-centered aspect by analyzing approaches used in DT-based systems and how they affect

user interaction and experience.

2.2.4 Digital Twin-Based Systems

DTs are operacionalised as a component of a system that has as main purpose the management
of a physical asset or process. A Digital Twin-based System is a system that integrates digital
twins—virtual replicas of physical entities or processes—into its architecture to enable real-time
monitoring, simulation, analysis, and optimization of the corresponding physical elements. These
systems utilize continuous data flows between the physical and digital counterparts to support
decision-making, predictive maintenance, lifecycle management, etc.. The digital twin is the base
architectural component of the DT-based systems the whole inheriting the main characteristics of
the DT: its bidirectional connectivity, allowing both the real-world asset to influence the digital
model and the digital insights to inform changes or actions in the physical world.

A special type of DT-based system is a DT-based platform that combines DT technology with
a digital platform and provide services for connecting other systems (usually involving different
organizations) resulting in an evolving system-of-systems. An initial vision for this concept is
proposed in [61]. The idea behind this concept comes from the need to manage multiple DTs in
complex contexts, while, at the same time, providing users with a data-rich platform that supports
the whole Product Lifecycle Management (PLM), and that may be used to support the creation of
new business models that are focused on product-service systems. In this work, the authors state
that the development of the DT-based platform concept includes not only the self-configuration and
autonomy for increasingly complex environments enabled by increasingly advanced technologies,
but also the adoption of socio-technical constructs that enable users to interact with the systems in
order to fully integrate them in organizational processes ranging from decision-making to product
development. [60]

Similarly, a DT-based system employs a singular DT as a technical infrastructure for the in-
formation systems of the organization, and as a service-provider. In this context, the singular
functionalities of the DT, for instance, simulation, analysis, or optimization, collectively create
more comprehensive and high-level business services, such as predictive maintenance, or condi-

tion monitoring.
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2.3 Industry paradigms and Circular Economy

This section explores how industrial paradigms have evolved over time, brings emphasis to the
associates changes in the workforce and technology connected to these developments, and explores

the concept of Circular Economy.

2.3.1 The transition from Industry 4.0 to Industry 5.0

The concept of Industry 4.0 (I4.0), which represents the fourth industrial revolution, was proposed
by the German government in 2011. It is an industrial plan to improve the efficiency of manufac-
turing processes through the adoption of advanced technologies, such as robotics, the Internet of
Things (IoT), and Big Data Analytics. Through the collection and analysis of vasts amounts of
data, these technologies enable smart automation in manufacturing and decision-making [13, 44].

These technological advancements have had a significant impact on human-machine inter-
action, and on the role of workers in manufacturing environments. The integration of Human-
Cyber-Physical Systems (H-CPS) has contributed to the close collaboration between workers and
machines, expanding the human capabilities [24]. However, many concerns are raised due to
this technological paradigm, surrounds themes, such as environmental impacts, and job displace-
ment. To address these socio-environmental challenges, Industry 5.0 (I5.0) was introduced by
the European Commission in 2021 [19]. In contrast to 14.0, which focuses mainly technological
advancements, 15.0 prioritizes human-centric practices, sustainable objectives, and social fair-
ness [13, 24]. This new paradigm aims to improve productivity through automation (similarly to
14.0), while, simultaneously, creating a balance between humans and machines, to obtain success-
ful collaboration that enhances creativity, and decision-making [13, 20].

Although the concept of 15.0 has been formally proposed in Europe, research suggest that
its implementation is still in its early stages, with manufacturing operations focusing more on

technical aspects, rather than societal ones.

2.3.2 Operator 4.0 and Operator 5.0

The Operator 4.0 (O4.0) concept emerges in the 14.0 paradigm, and represents a qualified worker
that works with advanced 14.0 technologies, such as collaborative robots. Due to the complex-
ity of modern manufacturing, the role of the operated was forced to adapt to new technological
environments, requiring workers to develop high adaptability [13].

In addition to the imposed new skills of workers, there are other challenges associate to 04.0.
For instance, the increased interface and data complexity brings a higher cognitive workload, or
the stress caused by the uncertainty regarding the impact of digital transformation on the work-
force [6]. In order to guarantee that these emerging technologies empower operators rather than
burdening them, the importance of human-centered design is, once again, a crucial topic [4].

The Operator 5.0 (05.0) is the evolution of 0O4.0, and aligns with the updates principles of
15.0. A key characteristic of 05.0 is the seamless collaboration between humans and machines.
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In the I5.0 paradigm, the manufacturing equipments are specially design to make human-machine
interactions more intuitive and adaptive to the workforce. Additionally, the shift to 05.0 also
highlights how crucial it is to reduce the operator’s cognitive workload of operators to improve
efficiency, safety, and overall well-being [6, 20].

Similarly to the 15.0 concept, the O5.0 idea is relatively new, and, although it has a theoretical
foundation, it lacks standardized guidelines for implementation. In order to achieve the full poten-
tial of 05.0, there is a need to involve multidisciplinary approaches, such as social sciences and

engineering [13, 24].

2.3.3 Circular Economy

The Circular Economy (CE) is a model designed as an alternative to the linear economy. The latter
follows a make-use-waste methodology, mainly relying on the use of readily available materials,
and energy to produce cheap products, and sell them at the highest possible price [50, 39]. These
practices result in an extremely high production of waste and excessive use of limited resources,
leading to catastrophic outcomes such as climate change, resource scarcity, and environmental
degradation [12].

The urgency to address these issues has emphasized the need for a more sustainable economy
framework. The concept of CE proposes a regenerative and restorative structure for the global
economy, with a focus on the conservation of resources [51, 68]. The two fundamental strategies
outlined to achieve this goal are: slowing the resource loops, by extending the product’s lifetime
through a durable and maintainable design; and closing resource loops by making sure that mate-
rials can be recycled or reused after their use [68, 18].

Historically, the 3Rs (Reuse, Reduce, Recycle) framework has served has a pillar for sustain-
able practices and the concept of CE. However, over time, and due to the immense scalability of
the previously stated issues, this model became too narrow and unsuitable. More recently, a new
R-framework, or R-Strategies, consisting of ten layers, i.e., Refuse, Rethink, Reduce, Reuse, Re-
pair, Refurbish, Remanufacture, Repurpose, Recycle, and Recover, has been proposed to broaden
the fundamental principles of CE [12].

Figure 2.2 presents the 10 Rs, including a general framing, with the goal of the diverse com-
ponents, and the correlation of the various layers with the circularity of the economy model [15].

In this context, the concept of sustainability and sustainable development are pertinent. These
concepts were formally defined in 1987 by the United Nations Brundtland Commission, as a
“development that meets the needs of the present without compromising the ability of future gen-
erations to meet their own needs” [29]. Since the manufacturing sector is one of the largest global
energy consumers, manufacturers need to create ways to incorporate sustainable practices in their
processes, while simultaneously maintaining their operational performance [14].

Sustainable manufacturing is a recent paradigm that ensures the sustainable production of
new products while maintaining market competitiveness. In addition to creating more sustainable

products, this process also entails employing more environmentally friendly techniques in the
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Circular Economy

RO Refuse Smarter product

R1 Rethink design and

R2 Reduce manufacturing

R3 Reuse

R4 Repair Preserve and

R5 Refurbish extend the life of
goods

R6 Remanufacture

R7 Repurpose

R8 Recycle Useful application
R9 Recover of materials

Linear Economy

Figure 2.2: The 10Rs and their connection with the economic models.

entirety of the production system [28]. In order to meet the three level of sustainability [27]-
environment, economy, and social-companies must evolve from traditional techniques to ones that
take into account the environmental and societal implications of operations [28]. As suggested in

[14], sustainability requires circularity mechanisms.

2.3.4 Remanufacturing and its challenges

Remanufacturing is one of the key components of the CE because of its ability to efficiently man-
age existing resources and contribution for sustainability. This strategy promotes the restoration
and reuse of discarded products, typically referred to as cores, in order to reduce waste and un-
necessary use of new resources [26, 55]. This process can have numerous stages, such as, inspec-
tion, disassembly, component reprocessing, reassembly, and testing to ensure it meets the desired
product standard [21]. It has been proven that remanufacturing can bring remarkable advantages,
including savings up to 50% in cost and 40% in energy consumption [74].

Unlike traditional manufacturing and open-loop supply chains, where raw materials are con-
sistent and the production of new items is standardized, remanufacturing processes must consider
different levels of wear and deterioration in returned objects. This is one of the major challenges
that remanufacturing operations face; the unpredictability of quality and quantity of used items
complicates the process, since it affects the production planning and cost management. Addition-
ally, low automation levels and the fluctuation of processing and waiting times contribute to the
uncertainty of the process [67, 34].
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2.3.5 The role of Digital Twins in the Circular Economy

As mentioned in section 2.3.1, the Industry 5.0 concept, recently proposed by the European Com-
mission, which primarily focuses on sustainability, resilience, and human centricity, presents new
opportunities for remanufacturing. Advanced technologies, such as Digital Twins, can be en-
ablers for smart remanufacturing operations, allowing for collaborative human-machine systems
and adaptive precesses [74].

Digital Twins excel at predicative maintenance, and enhancing operational performance. In
the remanufacturing context, these systems also play a crucial role in mitigating the challenges
stated in section 2.3.4.

The perspective of lifecycle phases management presented on the proposed CDT architec-
ture [79] is applicable to manufacturing DTs, more precisely, in the context of Circular Economy
(CE) and sustainable practices, where DTs are enablers for smart remanufacturing operations,
allowing for collaborative human-machine systems and adaptive processes [74]. By integrating
robust algorithms and consistent data flow between the virtual and real environments, these sys-
tems enable better tracking, monitoring, and decision-making in the remanufacturing supply chain.
Their technological abilities help to reduce the uncertainty of the process, while also optimizing
inventory management and reducing delays [74, 26]. Additionally, simulation-based DTs can be
employed to integrate sustainability and circularity metrics to assess the environmental impact and
identify areas that can be improved [55]. For instance, Digital Twin-driven predictive maintenance
can reduce unplanned failures and save up to 15% on operational costs [74].

Redesign is one of the main components of remanufacturing. It focuses on updating the func-
tion and structure of used products to improve them based on customer demand, and Digital Twin
applications are increasingly being explored in this context. For example, based on real-time data
provided by the physical twin, the digital model can return and iteratively optimize the design
process, with the goal of obtaining the optimal design scheme and reducing the remanufacturing
costs. By analyzing the used product’s information and historical design data, the Digital Twin is
employed to make design decisions and performance prediction, to perform a successful redesign
process [33].

There are several case studies that highlight the practical implementation of Digital Twins in
remanufacturing. For instance, Ke et al. [33] developed a Digital Twin to optimize the redesign of
commercial vehicle clutches by integrating product data with virtual models, improving efficiency
and reducing trial-and-error costs. This dynamic environment significantly contributed to the re-
manufacturing operations, and, consequently, to the sustainability of the company, by improving
resource efficiency, reducing waste, and maximizing the reuse of materials. Huang et al. [30]
implemented a DT for laser additive remanufacturing of composite materials. By detecting both
visible and invisible defects via advanced image processing, their system improves reliability, re-
duces waste, and ensures quality—crucial in sectors like aerospace and energy. A third implemen-
tation of a Digital Twin solution in remanufacturing is proposed in a study by Wang et al. [66],
which applied a Digital Twin to the Waste Electrical and Electronic Equipment (WEEE) recycling
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and remanufacturing process, enabling lifecycle tracking and data continuity. This Digital Twin
maintains an updated record of the equipments through their whole lifecycle in order to facilitate
tracking, and evaluation of such items. Moreover, by ensuring data continuity, and accessibility,

this system contributes to decision-making during recycling and remanufacturing activities.

2.4 From user interaction to user experience in Digital Twin

The current research and development in the field of DTs is mainly focused on the technical
capabilities of these technologies and tend to overlook the importance of interface design and user
interaction. Despite their remarkable capabilities, the user interaction with these equipments tends
to be challenging and often limited to complicated interfaces, due to their complex nature.

User Centered Development (UCD) is a process that involves identifying the specific user
needs and designing solutions based on them, in order to ensure that their requirements are met.
In the field of Digital Twins, this kind of development is rarely performed, however, when it is,
the target users considered are mainly domain experts, and most times these processes are not
well-documented [8]. This section presents some antecedent instances where UCD techniques

and practices were conducted during the development process of Digital Twins.

2.4.1 Overview of User Interfaces in Digital Twins

As previously mentioned, Digital Twins are systems that have remarkable capabilities, however,
due to their complexity, the user interaction with these equipments tends to be challenging and of-
ten limited to complicated interfaces. This section explores the current solutions for user interfaces
in Digital Twin systems.

In a literature review performed by Barricelli and Fogli [8], multiple types of User Interfaces
(UI) used in Digital Twins were identified. It is important to note that this study included twenty-
three papers published between 2015 and 2021 that explicitly focus on the Digital Twin concept.

The most popular UI proposed in the studied articles includes Immersive Virtual Reality (VR),
Augmented Reality (AR), and Mixed Reality (MR). In VR environments, by using specialized
equipment, such as a VR headset, the user can feel present and engage with the virtual world.
AR connects the user to the virtual world through physical tools (mobile phones, tablets or spe-
cial glasses) to overlap with virtual elements. MR results from integrating the two previously
mentioned techniques to produce an interactive experience in which real and virtual components
coexist and interact [2]. These are three-dimensional visualization techniques that merge the real
and virtual environments and have to be paired with external input/output devices, such as Head
Mounted Displays, which make the interaction immersive and more engaging when comparing to
traditional graphical user interfaces (GUIs).

The second most common Ul illustrated in the study is the traditional GUI. In this case, the
user interacts with the Digital Twin by using keyboard and mouse or a touch screen. Contrary to
VR, AR and MR technologies, which are three-dimensional visualization techniques, the tradi-

tional GUI offers the user a two-dimensional visualization of the system. Following the traditional
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GUI, is the desktop VR technique. In opposition to the VR technique mentioned earlier, this one
consists of using a desktop-based environment to visualize and interact with Digital Twin by using
standard input devices (keyboard and mouse), alongside typical displays, to provide an interactive
3D virtual representation of the system.

Beyond the findings from the referenced research, the exploratory literature review conducted
in this study provides a more detailed categorization of UI types in Digital Twin systems, which
can be found in table 2.1. This analysis expands the previous assessments by highlighting each

UT’s characteristics, advantages, challenges, and identifies some of their implementations.

2.4.2 Large Language Models in Digital Twins

Recently, there have been emerging more instances of the integration of Large Language Models
(LLMs) in the DT field. LLMs enable users to interact conversationally with DT systems, translat-
ing natural language inputs into structured queries through advanced Natural Language Processing
(NLP) techniques. In order to ensure that the data being retrieved is reliable and correct according
to the user input, it is crucial that the system is transparent and explains the reasoning behind the
output. By giving a plausible explanation, it is ensured that the user is well-informed when per-
forming decision-making activities, and acquires trust in the system. [80]. Given the complexity
of DTs, for the user to receive trustworthy information for their queries, the operating LLM needs
to be paired with structured data systems, such as databases or knowledge graphs [22]. Since Digi-
tal Twins perform real-time data analysis from the information acquired from the sensors installed
in the physical system, it is crucial that this data is cleaned and stored in suitable data storage [72].

There are two main ways in which a user can communicate with a system using natural lan-
guage: through text, using a chatbot, or by voice commands, which are translated to text using
speech-to-text approaches. In the case of written queries, through a chatbot, the user can type
questions or general inputs, and receive answers, replicating the interaction the user would expe-
rience speaking with a human expert [80]. These interfaces dynamically interpret user inputs and
maps them to the functionalities of the present Digital Twin, retrieving relevant data and generating
clear responses integrating the obtained information.

In [72], the authors present an approach that integrates LLMs into a Digital Twin system that
manages complex Intelligent Computing Centers, combining expert knowledge and data-driven
methods. The system consists of a multi-layered design, including a physical space, a digital
space, and a multi-agent system powered by an LLM. The user interacts with the system through a
natural language interface, a chatbot, and visualization tools. The interface includes an integrated
feedback mechanism for users to correct errors or suggest different approaches. The Human-
In-The-Loop (HITL) [63] workflow is used to integrate user feedback into Al and ML systems,
improving system capabilities and mitigating common Al issues. The experiment demonstrated
the system’s ability to combine its own programmed analysis with expert feedback. However, it
has not been extensively tested in real-world scenarios.

A second instance where the integration of LLMs with Digital Twin systems was tested is

reported in a publication by Fortuna et al. [22] and uses a household electricity knowledge-based
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Table 2.1: User Interfaces in Digital Twins
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User Interface Characteristics Advantages Challenges Reference
- Familiarity and
accessibility (2D interfaces
are widely used, leading to o .
- Dashboard-based . . - Limited interactivity
. . . an easier user adoption) . .
information display . - Difficulty at showing large
. o - Structured data presentation
. - Graphical visualizations . o . amounts of data
Graphic-based provides clear insights into o
(e.g. charts, tables) - Scalability issues (as DTs get [65, 54]

Reality (MR)

- Increased awareness and

user engagement

traditional GUI . the system’s performance .
- User input through 2D . more complex, there is a
. - Cost-effectiveness (e.g. .
interface (e.g. buttons, growing struggle to represent
K Lower R&D costs compared . . .
slides, menus) . their dynamics effectively)
to XR interfaces)
- Lower Computational
Requirements
- Complexity of 3D
o . visualizations (e.g.manipulation
- Similar Graphical .
. . . - User-friendly of 3D models)
. display of information . o o
Traditional GUI . - Efficient monitoring through | - Scalability issues
. as the traditional GUI . o . o . [75, 38, 67,76, 32]
with 3D models . . real-time data visualization, - Learning curve, while still being
- 3D model integration . . .
A . . both graphically and visually | a traditional GUI, the 3D models
of the physical twin ) ]
increase the complexity of the
interface
- Data inaccuracy (e.g. due to
sensor inconsistencies)
. . - Enhanced visualization - Latency issues
Virtual Reality (VR), . X L .
. . through immersive 3D - High implementation costs
Immersive Augmented Reality . . .
. representations (investments in hardware, [33,78, 16, 73]
Interfaces (AR), and Mixed

software, and data infrastructure)
- User adoption (unfamiliar
technologies to most users

require proper training)

Natural Language

User Interface

- LLM enabled system

- Chatbot-based interaction
(text-based)

- Speech-based interaction
(automated speech

recognition techniques)

- Intuitive natural language
interaction

- Suitable for non-expert users

- Speech recognition accuracy
(e.g. diverse accents, ambient
noise)

- Computational complexity
(running LLM systems demands
high computational power and
optimized models)

- Hallucination risk (LLMs may
generate plausible but incorrect
answers)

- User trust and transparency
(users need clear explanations

for Al-driven decisions)

[41,72,22, 80, 49]
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DT. In this case, the user interface is designed to facilitate natural language interaction between
the user and the system. The system uses a knowledge graph with models of electricity data and
external information to enhance its context. Retrieval Augmented Generation (RAG) techniques
are used to improve the accuracy of responses by providing real data and contextual information.
The system’s performance was evaluated using various complexities and architectures, and the
model’s ability to correctly utilize context was tested. The study found that ChatGPT combined
with RAG was the most effective approach for precise and context-specific queries.

These documents outline innovative approaches using natural language interactions in com-
plex systems while addressing common Al and Digital Twin challenges. LLMs can understand
complex and even multiple queries at once, efficiently interpret them according to the context and
generate appropriate and clear responses [23]. Furthermore, these models allow conversational
interactions, which removes the need for high technical expertise when interacting with complex

systems, such as Digital Twins.

2.4.3 Evaluation of user interfaces in Digital Twins

This section explores the two evaluation techniques reported to be used to evaluate user interfaces
in Digital Twins: Situational Awareness and the Aesthetics model; and a maturity model for digital
twins, which evaluates them from user experience point of view.

In the context of Digital Twins, Situational Awareness refers to the ability of a user to effec-
tively comprehend the current state of the system based on the visual data it provides. It can be
influenced by several factors, which may be related to the user’s skills or logical rationality, or
derived from the system’s visual layout. In [57] the UI of a Digital Twin for machine tools was
tested by the authors according to its efficiency to provide situational awareness to the users. This
study uses the Analytic Hierarchy Process (AHP), which is a decision-making tool that incorpo-
rates subjective input from humans according to multiple criteria. It decomposes the problem in
various levels, and, through pairwise comparisons, AHP uses mathematical calculations by asso-
ciating relative weights, in order to establish priorities bases on the different elements [64]. In this
particular evaluation scenario, the indicators selected to assess the interface were “logical reason-
ing, prominent focus, clear regional division, easy to remember structure, balanced layout, and
user habits” and their weights were established through expert scoring and user surveys. The test
cases of this study include eight Digital Twin interfaces with various layouts that were evaluated
by the participants using the Likert scale. The most suitable design was determined by analyzing
the final scores, that were calculated based on weighted averages and numerically ranked. This
publication states that this method proved itself to be effective at evaluating situational awareness,
and a useful tool for designers to develop better interface design solutions.

The Aesthetics model was firstly introduced in 1998 by Ngo et al. [48] as a quantitative frame-
work to evaluate the quality of screen designs based on their visual appeal to users. This model
operates through the use of mathematical measures to quantify the various characteristics that
affect the quality of a visual interface. Initially, there were six quantifiable key aspects on this

model, which were then expanded to fourteen in a later publication [47]. These measures address
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the arrangement and structure of elements on the screen, and bring an emphasis to the perceptual
and experiential aspects of the interface design, adding more precision and objectiveness to the
evaluation process. The updated aesthetic measures are the following: balance, equilibrium, sym-
metry, sequence, cohesion, unity, proportion, simplicity, density, regularity, economy, homogene-
ity, rhythm, order and complexity. Each one of these measures is associated with a mathematical
formula that results on a score from zero, which is the worst classification, to one, the best classifi-
cation. These objective scores can serve as feedback to possible adjustments to improve the visual
appeal of the interface. Although this model was proposed as a tool for evaluation of already im-
plemented screen designs, it can also work as a provider of design guidelines for the development
of user interfaces, as high scores in this metrics translate in aesthetically pleasing representations,
enhancing usability and operational efficiency [43].

The decision-making skills of users rely on their perception and processing of visual infor-
mation present on interfaces. In complex information interfaces, the users tend to gather general
information and then combine similar data for processing. Thus, it is crucial that the design of the
interface and the information layout are thoroughly studied and carefully implemented [71].

There are multiple instances where this model is applied for the evaluation of Digital Twin Uls.
Li et al. [37] applied it to assess and optimize an industrial machine tool Digital Twin interface,
testing eight layouts with identical functional areas arranged in different displays. Six aesthetic
measures were selected and complemented with AHP techniques, which integrates expert opin-
ions for more accurate conclusions. Wu et al. [69] expanded this approach by integrating AHP
with Grey Relational Analysis (GRA) to mitigate expert bias in Digital Twin decision-making.
GRA is a mathematical method used in complex systems to address these issues, and it is effective
in situations where subjective evaluations are performed, as it “quantitatively describes the corre-
lations between factors and the similarity of their development trends, providing more scientific
and reasonable support for group decision-making”.

In both cases, the interface parameters were obtained through the use of a graphic design soft-
ware, namely Figma or Photoshop. These tools ensure accuracy and consistency when calculating
the characteristics of the layout, such as element coordinates and dimensions, which are necessary
parameters to calculate the aesthetic measures. Additionally, through a simple user performance
test, it was proven that the layouts with the highest aesthetics scores led to faster response times
and better task completion, validating the model’s relevance in practical cases.

In [1], a framework that evaluates DT maturity level from a UX perspective is proposed. This
approach aims to address the gap in existing DT maturity models that largely overlook UX factors.
It presents five dimensions - Understandability, Usability, Convenience, Dependability and Delight
Factors - that are linked to common challenges in visualization and interaction, and can be assessed
through more specific variables and metrics. This work can serve as a theoretical foundation for

usability testing, requiring direct user interaction, for instance, through questionnaires.
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2.4.4 User Centered Development implementation in Digital Twins

This section will focus on two practical cases where UCD was performed in the context of Digital
Twin technologies: the first one is present in a publication by Lauer-Schmaltz et al. [36] where
the authors document the process of designing and developing a Human Digital Twin for informal
caregivers of stroke patients with interactive dashboards; and the second one by Riedelsheimer
et al. [53] focusing on a Digital Twin concept with an emphasis on sustainability in the clothing
industry. The techniques conducted in both of these studies follow similar methodologies, how-
ever, it is important to note that there are numerous approaches that can be employed during the
distinct phases of the development. Each project has its own characteristics and context, which
implies that not every approach will fit them, so there should be a meticulous study and process
when choosing the most appropriate techniques.

The main strategies used during the Requirements Elicitation phase were Semi-Structured
Interviews, in the case surrounding stroke rehabilitation, during which a diverse group of informal
caregivers were interviewed to understand their needs and expectations for the platform; and Focus
Group and Design Thinking, in the clothing industry case. These methods provided the developers
with qualitative data that represented the users’ desired specifications for the system, and, with this
information, User Stories were developed to assist the creation of adequate system requirements.
From the collected requirements, initial visual prototypes were designed and iteratively refined
based on user feedback.

The user tests conducted during this iterative process provided the designers a better under-
standing of the current user experience and possible ways to improve features. Since the main
end-users of both platforms are non-experts, there was a heavy focus on accessibility and simplic-
ity. The results obtained from these projects, namely the successful user interaction, align with the
concept that the practice of UCD is highly beneficial for crafting accessible and effective solutions

while also enhancing the general user experience.



Chapter 3

Methodology

The present chapter presents the methodology followed to define an approach for the design of

User Experience in Digital Twin-based systems.

3.1 Problem Description

DTs’ ability to predict, optimize, and simulate real-world processes through real-time data ex-
change has led to their prevalence in industrial and manufacturing contexts. From a broader point
of view, DT-based systems, which, alongside the DT functionalities, are embedded within broader
platforms or infrastructures, and integrate organizational workflows, are socio-technical systems.
These systems are particularly relevant in the manufacturing setting, where various user types
have direct contact with the system, each interacting with different functionalities according to
their roles and responsibilities.

DT-based systems are highly complex, involving high volumes of data, and supporting ad-
vanced functionalities. Nonetheless, their development mainly focuses on the technical aspects,
and generally overlooks critical aspects of UX and interface design. Without careful consideration
of these human factors, even highly advanced DT-based systems risk underperformance due to
poor usability and limited user engagement.

The discrepancy between usability and technological advancement in DT-based systems is
what motivated the current study. Therefore, the goal of this dissertation is to address this gap by
proposing a UX design methodology that supports the development of DT-based systems. By em-
phasizing the relevance of user-centered development, this strategy aims to improve both usability

and system efficiency in Digital Twin applications.

3.2 Development Process

In order to outline the key requirements for the design of UX in DT-based applications, a multi-
step process was employed. Figure 3.1 illustrates the structured process followed to develop the

proposed methodology.
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Firstly, through an exploratory literature review, it was possible to synthesize a conceptual
understanding of a DT-based system, and understand the current state of technological advance-
ments. Additionally, it provided valuable insights into the existing UCD practices used in the field
of DTs. From there, a research gap respective research questions were outlined (Phase A). After
the consolidation of concepts, the next desired step would be to observe the direct interaction of
end-users with the DT system. However, the fact that DT systems do not have a large user base,
made it challenging to directly study their interactions. As a result, a speculative approach was
adopted to outline the key high-level requirements for DT-based systems UX. The second step
of this approach involved interviewing experts who are familiar with DTs in the manufacturing
context and could make well-informed assumptions about how users interact with these systems.
These interviews followed a semi-structured approach, meaning that, to guide these discussions,
the participants were presented with the key aspects identified in the preliminary research along
with some general questions, helping them to articulate potential interaction scenarios, and outline
the key practices of UCD in DT-based systems. Based on the findings from the discussions, an
approach for the design of UX in DT-based systems was defined (Phase B). Finally, to test the

proposed approach, it was applied in a case study, and evaluated (Phase C).

Phase A Phase B Phase C

High-level
Requirements for DT-

based systems UX
Case Study

Research Questions implementation
and validation

Exploratory
Literature Review

Approach Definition

Research Gap
Identification Expert Interviews

Figure 3.1: Process followed to develop the proposed UX design methodology for DT-based sys-
tems.

3.3 Interview Protocol

As previously mentioned, the interviews that contributed to the development of the proposed ap-
proach were conducted with individuals who specialize or are knowledgeable in DT-based sys-
tems. These interviews were conducted in a semi-structured manner, which gave the participants
some freedom to discuss their experience and speculate on how the user interaction in DTs can
be improved. During the interviews, the participants provided insights into the practices they find
helpful in this context, and the challenges they have faced. Throughout the course of the inter-
views, and as new insights emerged, the interview script was refined to better suit the participants
and their implementations. The collected information from these discussions played a crucial role
in understanding the current state of user interaction in DT systems, and in defining the proposed
approach.
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3.3.1 Participants

Since this study mainly focuses on the manufacturing context, the participants interviewed spe-
cialize in either Process or Product Digital Twins. Furthermore, there was an effort made to meet
with developers of multimodal UI implementations in DTs to broaden the amount of perspectives
presented.

By incorporating insights from experts in diverse Ul solutions, the study aimed to explore
how different interface approaches contribute to user interaction, data visualization, and system

usability in DT-based applications.

3.3.2 Interview questions

The questions defined for the interviews aimed to collect insights on the important aspects of user
interactions, including the best design practices, key challenges, and considerations for usability
improvement. As previously mentioned, the format of these interviews was semi-structured, which
was done through open-ended questions and a flexible script that allowed participants to elaborate
on their experiences, while ensuring consistent focus on the main topic.

Below are the base questions outlined for the discussions. It is important to emphasize that the

questions evolved throughout the interviews, and the ones presented served as a guideline.

1. What are the types of users that interact with the Digital Twin?

2. What are the functionalities performed by the Digital Twin?

3. Describe the type of user interfaces from this system, and how the user interacts with it.
4. What kind of information do the users have access to when using the Digital Twin?

5. If there are multiple types of users, how do the user interfaces fit their different characteris-

tics?
6. Is there a need for technical expertise or proper training to interact with the Digital Twin?

7. Does this Digital Twin accompany the product throughout its various lifecycle phases, and,

if so, how does it affect the information presented to the user?
8. What do you think are good and bad practices regarding user experience in the Digital Twin?

9. Was the system tested for usability, and, if so, what were the techniques employed?



Chapter 4

User Experience Design in Digital
Twin-based Systems

The approach presented in the following sections was developed from the insights obtained durring
the interviews and literature review. This methodology proposes a structured plan to design the

User Experience in DT-based systems.

4.1 High-level requirements for Digital Twin-based systems User Ex-

perience

The analysis above resulted in 18 high-level requirements (see table 4.1) used to create the vision
for UX in DT-based systems bellow (seen in figure 4.1). Digital twin-based systems are bound to
impact significantly how users interact with and manage complex cyber-physical systems. At the
heart of this vision there’s a commitment to real-time, and role and context-aware user experiences
that place people at the center of decision-making and operational awareness.

With an effective UX, the DT-based system will act as a mirror of the physical world, offering
users immediate visibility into the current state of assets [R1] through real-time synchronized
updates that reflect any changes as they occur [R2]. Whether monitoring operations or running
simulations, users are immersed in fluid, seamless visualizations that respond instantly to system
dynamics [R3],[R4], helping them maintain situational awareness and confidence.

UX in DT-based systems is more than just interaction—it is a smart, context-aware partner.
Each user experiences a tailored view that reflects their specific roles and responsibilities [R7],
presenting only the essential information they need to act effectively [R8]. Users benefit from
clear, simple graphical representations [R6] and can explore historical trends and past events to
support decision-making and learning [R5].

Accessibility and inclusivity are to be built into the Ux foundation. The interface adheres to
universal design and accessibility standards [R11], offering multimodal interaction formats such
as touch, voice, and keyboard input, possibly under augmented reality technology [R10], and

adjusting to different user interface profiles based on user characteristics [R9].
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Table 4.1: High-level requirements for DT-based systems

ID  Requirement

R1  The DT-based system shall provide observable information about the current state of the physical system.

R The DT-based system shall automatically synchronize and update the displayed information in real-time to reflect changes
in the physical system.

R3  The DT-based system should provide smooth visualization of data throughout a simulation.

R4  The DT-based system shall provide smooth visualization of data during the monitoring of the physical system.

RS  The system should provide users with access to visual representations of historical trends and events.

R6  The system shall display graphical data using clean and simple charts.

R7  The DT-based system shall provide differentiated information about the physical system based on the user’s role.

R8  The DT-based system shall present only essential visual information to minimize the user’s cognitive workload.

R9  The DT-based system should provide user interfaces with different formats depending on the user profile.

R10 The DT-based system should support multimodal implementation of user interfaces.

RI1 The DT-based system’s interface shall follow accessibility standards.

R12  The system shall notify users of critical errors through high-visibility notifications.

R13  The system shall notify users of non-critical alerts through dismissible notifications.

R14 The system shall provide a visual record, accessible to the user, of the resolved and unresolved alerts and errors.

R15 The system shall allow users to intervene at any point of the physical system’s operation.

R16 The system shall provide clear explanations for Al-driven decisions.

R17 The system shall require user authentication before granting access to its functionalities.

R18 The system shall support role-based access control to restrict functionalities based on the user’s role.

Event awareness is a critical aspect of the UX. High-visibility notifications ensure that users
are immediately alerted to critical errors [R12], while non-critical alerts appear as dismissible
messages that can be reviewed without interrupting tasks [R13]. Users can access a comprehensive
visual log of both resolved and pending issues, enabling transparency and follow-through [R14].

Importantly, this is not a passive experience. Users retain the ability to intervene in system
operations at any point [R15], with the support of clear, human-understandable explanations for
all Al-generated decisions or actions [R16]. This ensures trust, accountability, and collaboration
between human users and Al systems. Security is woven into the user experience as well. The sys-
tem enforces secure user authentication mechanisms [R17] and applies role-based access control
to ensure users only access functionalities relevant to their role [R18], protecting both the integrity
and confidentiality of the system’s operations.

In summary, the future of digital twin user experiences lies in creating fluid, responsive, inclu-
sive, and intelligent interfaces that empower users to monitor, understand, and act effectively and

efficiently—across the lifecycle of complex cyber-physical systems.

4.2 User Profiling

User profiling is a commonly used technique in the field of UCD. A user profile is made up of a

collection of users’ information data, that can express the needs, preferences, behaviors, and goals
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Figure 4.1: Vision for a precise, fluid, inclusive and smart Ux for DT-based systems

of a community of user [70]. In the context of DT-based systems, user profiling is essential to
ensure that the system meets the needs of its intended audience. To achieve this, three key aspects
should be considered when outlining user characteristics: technical abilities, level of decision-
making and organizational roles, and background.

Firstly, the technical expertise of users plays a crucial role in their understanding and ability to
operate systems [46]. The users of the DT-based system have varying levels of technical expertise,
which directly impacts how they interact with the system. For example, in an industrial setting,
there are several types of users. There are shop floor operators with limited experience in digital
tools; engineers, who are highly skilled in advanced technologies; or managers that may not excel
in digital technology, but are proficient in other fields. Understanding the familiarity of users with
DT systems and related technologies is crucial for designing intuitive and effective interactions.

Secondly, the role of a user within an organization significantly influences how they interact
with a DT-based system. Since DT-based systems are often used in industrial and manufacturing
contexts, where users hold different levels of responsibility, their users have diverse informational
needs. While high level actors, such as senior managers or department directors, have interest in
historic data analysis to recognize pattern and support decision-making; operational users need
real-time data visualizations for quick action.

Thirdly, a user’s educational and professional background influences how they perceive and
utilize a DT-based systems. Users have different expectations for the system since they come from

a variety of fields. Furthermore, factors such as industry experience, familiarity with DTs, and
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previous exposure to simulation tools greatly affect the adaptability of users to the system. Con-
sidering these user characteristics ensures that the DT-based system is designed to accommodate

a wide range of user perspectives and expertise levels.

4.3 Functionalities Mapping

A clear mapping of DT functionalities and services to user needs is essential for system effec-
tiveness, and successful implementation. DT-based systems provide diverse functionalities and
services with various levels of complexity, ranging, for example, from real-time data monitoring
to complex simulations.

To ensure that the appropriate functionalities are provided to the users, a structured mapping of
functionalities to user needs must be established. To do so, the developers should select appropri-
ate techniques, for example user stories or use cases, to define practical workflows and real-world
scenarios. This practice ensures that the services provided by the system align with the different

user profiles, and allows them to perform their designated tasks efficiently.

4.4 User Interface prototype design

HCI is becoming increasingly more complicated as a result of the expansion of systems’ capabil-
ities and functionalities. Modern operators face the need to manage and interpret vast amounts
of information in real-time and make strategic decisions quickly, which results in an increased
cognitive effort [20]. Therefore, well-structured Uls are essential to ensure that DT-based systems
provide an intuitive UX.

Ul prototypes are an initial representation of the system, which can be of low-fidelity (on paper,
for example), to high-fidelity (using interface design tools). They allow stakeholders to test the
system’s functionalities, and evaluate its usability and overall design, before its implementation.
The first step to create Ul prototypes is to outline its contents. One of the most important factors
described by the interviewees is the visual context to support the users’ decision-making. This
context will vary from user to user, as it can be real-time data, for example about the state of a
machine, or historical information, to detect trends and perform predictive analysis. Additionally,
and independently of the data’s nature, setting priorities is important to avoid cluttering the UI
with unnecessary information.

A common misconception about DTs with 2D Uls is that they require a 3D model of the phys-
ical twin. While it may be a good practice in contexts where visual monitoring is necessary, it is
unnecessary in other situations, even becoming distractive to the user. Furthermore, the specialists
interviewed stand by the need of different Uls for different user profiles. This distinction may be
performed through the use of Uls in the same category (e.g. 2D interface with different displays
or information), or in different categories (e.g. AR interface for operators, and Graphics-based 2D

UI for managers). Whatever the case may be, the main goal for this differentiation is to design a
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UI appropriate to the users’ needs and abilities. The advantages and challenges of each interface
must be considered prior to their implementation.

Lower-fidelity prototypes are cheaper and quicker to make, but also lack in detail. Higher-
fidelity prototypes are normally designed in interface design tools, such as Figma, and have inter-
active modules to simulate real-world interactions. Prototypes of immersive interfaces take greater
effort because they require real-time rendering, AR/VR interactions, and 3D modeling, but they

can also be implemented using design software like Unity or Vuforia.

4.5 Usability testing

Usability testing is a critical step in the development of DT-based systems to ensure that interfaces
are intuitive, efficient, and aligned with user needs. Given the complexity of these systems, the
usability evaluation must consider factors such as cognitive load and frustration levels. To obtain
comprehensive evaluation, objective and subjective data should be collected. The first step of this
usability testing approach is the definition of tasks that the participants will perform, as well as
the participants who will be testing the system. These tasks should vary in difficulty and represent
scenarios that the end users may perform.

This protocol uses the User Experience-Digital Twin Maturity Model framework defined in [1]
as a guideline, and integrates it with standard questionnaires and practices of usability evaluation.
In that work, the authors propose five evaluation variables to assess the UX in DTs and showcase
problems from each, along with a possible solution. Despite this outlining of UX dimensions, the
study does not present a method for their assessment and scoring, only suggests the elaboration
of a questionnaire composed of Likert scale questions. To address this gap, the present study
implements a small four-question survey for each of these dimensions, which are described below.

Firstly, the usability variable ensures that the DT-based system is easy to use, learn, and interact
with, supporting meaningful, effective workflows. The questions oulined for this dimension are
adapted from the System Usability Scale (SUS) questionnaire. Secondly, the understandability
dimension assesses the user’s awareness of the DT context, as well as the proposed tasks and their
goal. Then, the convenience dimension of a DT reflects how effortless the user interactions with
the system are. The questions for this dimension are adapted from the NASA-Task Load Index
(NASA-TLX) survey. The dependability of a DT-based system reflect the accuracy, reliability and
its ability to achieve the user’s desired goals. Finally, the delight factors of a DT-based system
solely rely on the users’ enjoyment and appreciation of the UL

Similarly to the standard SUS questionnaire, the questions for each dimension follow an alter-
native order, meaning that some are asked using afirmations and others using the negative. This
technique provides more accurate results and helps to detect outliers in larger projects. As such,
the score calculation of these kinds of questionnaires is given by equation 4.1, where P is the score
of the positive questions, N the score of the questions in the negative, and n and m, are the number
of negative and positive questions, respectively. This equation provides a final percentage for a de-

fined group of questions by normalizing the test scores to a scale from O to 4, a technique also used
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in the calculation of the SUS score and other standardized instruments to promote consistency and

comparability between results.

LB 1) XL (5 N))
(n+m) x4

Score(%) = x 100 (4.1)

Along with these subjective inputs, some objective data can be collected. There several ways
in which this information can be gathered. Supporting the convenience dimension, for instance,
the effort of users can be quantified objectively through the use of monitoring devices — to register
breath rate, heart rate, skin temperature, etc. [52]. Also, the analysis of the participants’ task
completion time can contribute to the evaluation of the usability variable of the system.

Furthermore, task success rate is a way to assess the understandability of a system. This metric
is the relation between the amount of successful tasks and the total of tasks performed. It reflects
the correctness of the participants’ actions, which in turn correlates with their understanding of the
system’s context and the tasks’ purpose. To obtain a more thorough evaluation, multiple success
criteria can be considered. For instance, if the user is able to complete the task with a minor error,
the task success rate should be 75%, rather than 0%. The overall task success rate of the system is
calculated by averaging the task success rate for every participant and task.

The most adequate testing method and metrics differ from project to project and it is up to the
developers to determine the best fit. Nevertheless, the dimensions and questions suggested by this
approach for assessing UX in DT-based systems are designed to be broadly applicable across a

wide range of systems.
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Table 4.2: UX dimensions and evaluation measurements

UX dimension Description Questions
1. I understood what I was supposed to do in each task.
. Awareness of task and | 2. The objective of each task was not clear to me.
Understandability )
DT context 3. I always knew where I was in the system.
4. The terminology used was hard to understand.
1. I found the system unnecessarily complex.
2. I think I would need the support of a technical person to be able
. Ease of use and .
Usability - to use this system.
learnability . . .
3. I thought the various functions of the system were well integrated.
4. 1 thought there were too many inconsistencies in the system.
1. The tasks required a lot of mental effort.
Reduced physical and | 2.1 ble t lete the tasks quickly.
Convenience u.c.e p ysvlca an was able to complete ? asks quickly.
cognitive barriers 3. I had to work hard to achieve a good performance.
4. 1 felt confident during the tasks.
o 1. I could repeat each task without difficulty.
Availability, accuracy, . .
. . 2. 1 did not feel confident in the results presented by the system.
Dependability and achievement of . . . .
i 3. The information was available when I needed it.
desired goals . . .
4. I did not understand how the system arrived at its results.
1. I found the interface visually attractive.
User enjoyment, the 2. 1 did not enjoy using the system.
Delight Factors system is visually 3. The system’s aesthetics made me feel more engaged.
pleasant 4. The color, layout, and information flow of the interface did not
benefit the interaction.




Chapter 5

Case Study: RENEE project

This chapter presents the implementation of the proposed approach in case studies from the
RENEE project. The goal of this implementation is to test the pertinence of the outlined method-

ology and requirements in practical cases.

5.1 Case studies overview

Remanufacturing operations present increased challenges in comparison to linear economy new
product design and manufacturing. Different kinds of difficulties affect the circular business model
of a remanufacturing production system, from supply-chain uncertainties from end-of-use phase
and end-of-life products volume and parts quality, to variation of disassembly challenges during
operations, to training of operators to multiple product scenario and variability. Taking this in
regard, the RENEE project combines advanced remanufacturing methodologies and tools with
simulation of supply-chain and remanufacturing production lines and cells, integrated with Digi-
tal Twins (SC and Remanufacturing environment) and Al based robotics solutions and advanced
training operators in a human-machine approach.

This project is divided in four pilot industrial sectors, namely electric mobility, electronics,
robotics, and bicycles. These case studies present varying levels of automation, need for up-
skilling, and product variability, to highlight the flexibility of the solutions proposed by the project.
The methodology developed mainly considers the Decathlon work project, but can be adapted to
the other case studies.

Figure 5.1 presents a diagram addressing the different dimensions of the proposed approach.
The following sections explore and describe the remaining aspects of the implementiation in more

detail.

5.2 Integration with ProductionDfX

The ProductionDfX methodology, proposed by Branco [10], extends the Lean Design-for-eXcellence

(LDfX) framework [5] to enable multidimensional assessment of production systems. It is de-
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Figure 5.1: Dimension for the implementation of the proposed approach

signed to evaluate strategic, tactical, and operational dimensions through the integration of vari-
ous X dimensions and Key Performance Indicators (KPIs), aligned with sustainability and circular
economy principles [9, 56].

ProductionDfX builds upon foundational DfX approaches to assess both effectiveness — if the
system does what it is supposed to do — and efficiency — quantifies resource usage, and identifies
potential inefficiencies. This is achieved through a modular, color-coded dashboard system based
on Multi-Layer Stream Mapping (MSM) [40], which supports quick identification of improvement
areas.

Within the scope of the RENEE project, two case studies were conducted: one on traditional
bicycle manufacturing and another on remanufacturing. These studies confirmed the framework’s

capability to uncover performance trade-offs and supported its applicability in CE initiatives.

5.3 User Profiles

In the RENEE project, the design of the Digital Twin-based systems considers the distinction of
users mainly based on their decision-making level and organizational role. This is a typical dis-
tinction of users in the manufacturing context, which splits the organization into strategic, tactical,
and operational levels [17]. However, to ensure effective system interaction and adoption, it is also
crucial to consider users’ technical abilities and background, which vary significantly across these
roles.

The strategic perspective focuses on long-term decision-making and planning, and includes
broad objectives, such as product quality, cost reduction, overall competitiveness, or sustainability
indicators. The users that fit into this group include management personnel, administrators, and
analysts. While they may not possess advanced technical expertise in digital systems, they often

have a strong background in business strategy, and domain-specific knowledge. They have the
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goal of monitoring the general activity of the whole process, performing updates to the system,
and improve the system’s performance.

Tactical users, namely production managers and process engineers, deal with medium-term ac-
tivities, for instance production line management, and aim to optimize workflows and resource uti-
lization. These users possess intermediate to advanced technical skills, including familiarity with
digital tools, manufacturing systems, and possibly some exposure to simulation environments.
Their professional background is typically grounded in engineering or industrial management.

Finally, the operational perspective assesses the lower-levels of production lines, focusing
on individual components. The decisions performed at this level have an immediate impact in
operations, namely in a daily or weekly basis, and also have an influence directly the tactical level
results. These users include shop floor operators and technicians, whose technical abilities may
vary but are generally more limited in terms of advanced digital technologies. Their background

tends to be rooted in hands-on experience rather than formal technical education.

5.4 Mapped Functionalities

To ensure that the user interface design aligned with the goals and expectations of its intended
users, a set of core functionalities was identified and mapped based on user needs, and system
capabilities. This mapping process was guided by the principles of UCD, and aimed to translate
user profiles into actionable features that support real-world decision-making and interaction sce-
narios. To outline these features, a set of user stories was defined for each type of user, which are

presented in the following sections.

5.4.1 Strategic User Stories

The user stories defined for the strategic user profile are prensented below.

US1: As a Strategic User, I want to explore the Balanced Scorecard visually, so I can un-

derstand the company’s strategic performance across different dimensions.

» US2: As a Strategic User, I want to view real-time sustainability metrics versus targets, so I

can identify underperforming areas.

» US3: As a Strategic User, I want to track product flow (reception, processing and sales), so

I can detect operational inefficiencies.

» US4: As a Strategic User, I want to compare current company expenses with the forecast,

so I can plan corrective actions.

» USS: As a Strategic User, I want to ask the chatbot for simulation scenarios, so I can know

the impact of possible actions in the company.
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5.4.2 Tactical User Stories

The user stories defined for the tactical user profile are prensented below.

* US6: As a Tactical User, I want to monitor the capacity, and product flow of supply chain

routes and points in real time, so I can act before bottlenecks occur.

» US7: As a Tactical User, I want to visualize detailed information of specific points of the

supply chain, so I can know its performance and product flow.

» US8: As a Tactical User, I want to visualize general product inflow, so I can understand the

state of the EOL products received.

* US9: As a Tactical User, I want to understand current production and sales performance

against expectations, so I can identify deviations early.

* US10: As a Tactical User, I want to track operational and resource use performance, so I

can ensure key efficiency metrics are within acceptable limits.

» US11: As a Tactical User, I want a quick summary of system alerts and key insights, so I

can prioritize where to act.

e US12: As a Tactical User, I want to ask the chatbot for simulation scenarios, so I can know

the impact of possible actions in the supply chain.

» US13: As a Tactical User, I want to visualize the forecasted product flow for different time

frames, so I can plan inventory and logistics decisions accordingly.

» US14: As a Tactical User, I want to see the progression of product flow over a past time

frame, so I can understand its evolution.

» US1S: As a Tactical User, I want to view a list of predicted bottlenecks with severity levels,

and reasoning, so I can take plan actions to avoid disruptions.

» US16: As a Tactical User, I want to track forecasted operational efficiency and resource use

metrics, so I can evaluate expected performance against acceptable thresholds.

» US17: As a Tactical User, I want to receive automated simulation suggestions based on
predicted issues, and create related optimization scenarios, so I can quickly apply corrective

strategies.

» US18: As a Tactical User, I want to download the forecast report, so I can save it locally

and support decision-making processes.

e US19: As a Tactical User, I want to run a custom simulation based on forecast data, so I can

test the impact of different supply chain decisions.
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US20: As a Tactical User, I want to simulate changes on the supply chain’s transport routes,

so I can understand how they will affect the performance of the system.

US21: As a Tactical User, I want to stress test the system, so I can view the possible effects

and understand its maximum capacity.

US22: As a Tactical User, I want to simulate custom increase product production of the

supply chain, so I can evaluate the cost impact it has on the supply chain.

US23: As a Tactical User, I want to view and compare previous scenarios, so that I can

evaluate the effectiveness of past strategies.

US24: As a Tactical User, I want to understand the impacto of a simulation scenario across

multiple performance dimensions, so I can evaluate its benefits.

US25: As a Tactical User, I want to view the cost impact of a scenario compared to the

current state, so I can assess financial viability.

US26: As a Tactical User, I want to compare the scenario’s CO2 emissions, electricity, and

fuel consumption to current values, so I can assess environmental impact.

US27: As a Tactical User, I want to download the scenario analysis report, so I can document
and share the results with stakeholders.

US28: As a Tactical or Strategic User, I want to deploy the selected scenario directly from

the results interface, so I can implement changes in the physical twin.

US29: As a Tactical or Strategic User, I want to view a scenario’s parameters, so I can keep

track of the changes planned.

US30: As a Tactical User, I want to compare multiple scenarios side-by-side, so I can choose

the best-performing option before deploying.

5.4.3 Operational User Stories

The user stories defined for the operational user profile are prensented below.

US31: As an Operational User, I want to have access to a visual representation the real-time

state of a production line, so I can detect inefficiencies quickly.

US32: As an Operational User, I want to monitor the effectiveness and efficiency of each

process step, so that I can intervene when performance drops below thresholds.

US33: As an Operational User, I want to monitor the current product flow, so that I can spot

possible increases in product reception.

US34: As an Operational User, I want to monitor the current performance and capacity of

the production line, so I am aware when these are reaching unacceptable values.



Case Study: RENEE project 36

US35: As an Operational User, I want a quick summary of system alerts and key insights,

so I can prioritize where to act.

US36: As an Operational User, I want automated simulation suggestions when the produc-

tion line is underperforming, so I can take quick action.

US37: As an Operational User, I want to ask the chatbot for simulation scenarios, so I can

know the impact of possible actions in the production line.

US38: As an Operational User, I want to visualize the forecasted product flow for different

time frames, so I can plan inventory and logistics decisions accordingly.

US39: As an Operational User, I want to see the progression of product flow over a past

time frame, so I can understand its evolution.

US40: As an Operational User, I want to view a list of predicted bottlenecks with severity

levels, and reasoning, so I can take plan actions to avoid disruptions.

US41: As an Operational User, I want to track forecasted operational efficiency and resource

use metrics, so I can evaluate expected performance against acceptable thresholds.

US42: As an Operational User, I want to receive automated simulation suggestions based on
predicted issues, and create related optimization scenarios, so I can quickly apply corrective

strategies.

US43: As an Operational User, I want to download the forecast report, so I can save it

locally and support decision-making processes.

US44: As an Operational User, I want to run a custom simulation based on forecast data, so

I can test the impact of different production line decisions.

US45: As an Operational User, I want to simulate the redistribution of stations manually or
automatically within the simulation, so I can test whether reconfiguring resources improves

performance.

US46: As an Operational User, I want to customize product production and reception levels
in the simulation, so I can assess the system’s performance under different input/output

scenarios.

US47: As an Operational User, I want to stress test the system, so I can view the possible

effects and understand its maximum capacity.

US48: As an Operational User, I want to run simulation scenarios based on my custom
configurations, so I evaluate the effects of planned changes before applying them in the real

environment.
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* US49: As an Operational User, I want to view and compare previous scenarios, so that I can

evaluate the effectiveness of past strategies.

* USS50: As an Operational User, I want to understand the impact of a simulation scenario

across multiple performance dimensions, so I can evaluate its benefits.

» USS51: As an Operational User, [ want to view the cost impact of a scenario compared to the

current state, so I can assess financial viability.

» USS52: As an Operational User, I want to compare the scenario’s CO2 emissions, electricity,

and fuel consumption to current values, so I can assess environmental impact.

* USS53: As an Operational User, I want to download the scenario analysis report, so I can

document and share the results with stakeholders.

» US54: As an Operational or Strategic User, I want to deploy the selected scenario directly
from the results interface, so I can implement changes in the physical twin.

» USS5: As an Operational or Strategic User, | want to view a scenario’s parameters, so I can

keep track of the changes planned.

» US56: As an Operational User, I want to compare multiple scenarios side-by-side, so I can

choose the best-performing option before deploying.

5.5 User Interface Prototypes

The UI prototypes developed for this study were guided by the high-level UX requirements out-
lined in the proposed approach, and the mapped functionalities. Three different Uls were im-
plemented to accomodate the three decision-making levels defined earlier — requirements R7, and
R9. Although there was an effort to fulfill every high-level requirement defined in the methodology
phase, some of them were not implemented. Firstly, because the prototypes designed were static
and only contained mock data, requirements R2, R3, R4, and R15 could not be accomplished.
These requirements refer to the DT-based system’s ability to receive real-time data and display
smooth visualizations of the current state of the physical twin, and of simulations. Additionally,
requirements related to errors and alerts (R12, R13 and R14) were not implemented due to time
restrictions, but remain pertinent in the context of the system’s implementation. Even though only
2D prototypes were designed, and requirement R10 was not able to be implemented, in the fol-
lowing sections, which explorse in more detail the design of the interfaces, some hypothesis for
different implementations are presented.

There are some common features to every type of user, namely, authentication and a perma-
nent chatbot feature on every page. The authentication, using a username and password, restricts
the access to the system’s functionalities, and fullfils the requirement R17. This process also aims

to differentiate user profiles (according to the username), supporting role-based access crontol to
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functionalities — requirement R18. The chatbot allows users to communicate with the DT using
natural language, which facilitates interactions and provides quicker access to functionalities. In a
future implementation of this DT-based system, as requirement R16 entails, the system must pro-
vide clear explanations for Al driven-actions, more specifically, the answers given by the chatbot.

The design of every category of interface, contemplates a monitoring page, which provides
updated and observable information about the current state of the physical system — requirement
R1. This information is shown to the users mainly through bar charts, and follows accessibility
standands, where these were possible — requirements R1, R6, and R11. Consistent page structure,
color pallette, letter types and size, were some of the aspect considered to improve user experience
and interaction with the system. Furthermore, the developed prototypes only provide the user with
essential information, which enables more efficient interactions and quicker understanding of the
system — requirement RS.

The prototypes designed aimed to address and implement the user stories defined earlier. The
chosen technology to develop the prototypes was Figma due to its user-friendly interface and

intuitive features.

5.5.1 Strategic User Interface

The level of DT abstraction required for the strategic level activities is very high, meaning that they
are less detailed and focus on the broader objectives of the system. Therefore, the UI proposed
for this kind of users is a traditional interactable dashboard, which presents company-level data,
updated in real-time, and compared with target values. This kind of display provides the user with
a general overview of the system’s state and aids in the long-term decision-making process.

The strategic Ul is composed of a monitoring page, with five main sections. Firstly, the inter-
face includes a zoomable donut chart that allows users to analyze the four dimensions of the BSC,
and their respective KPIs and X dimensions, by clicking on a section. The information present
in this section is defined using ProductionDfX, and implements US1. Secondly, the sustainability
section, addressing US2, visually displays key environmental KPIs, along with their target values.
The percentage differences and clear, color-coded visual indicators help users identify underper-
forming areas immediately.

On the right top side of the page, the Product Flow section supports US3 by enabling users
to analyze the current reception, production, and sales processes in comparison with predefined
targets. The reception of products is segmented by lifecycle stages such as reuse, repair, and recy-
cling, offering insight into product performance within the circular economy model. Furthermore,
the Financial Analysis section presents a breakdown of current company expenses across various
categories, alongside their target values, and presents visual cues to help users assess deviations,
which fulfills US4. Finally, USS5 is addressed through the integration of a chatbot feature that
allows strategic users to interact with the system using natural language. This includes running
simulation scenarios or querying the impact of different strategic decisions, making interactions

dynamic and accessible.
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Overall, the Strategic User Interface is structured to reduce cognitive load, enhance situational
awareness, and empower strategic users to make informed, real-time decisions based on a com-

prehensive, user-centered design.

Monitoring Simulation Scenarios
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_ Reception Production & Sales
Learning + Customer
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Figure 5.2: Strategic User Interface

5.5.2 Tactical User Interface

The DT-based system of this level is closely related to the supply chain, and was designed to sup-
port mid-level decision-making actors. The UI proposed for this kind of users is a traditional GUI,
with a geographic component that is updated in real-time, and visual indicators. It is composed of
three main pages — monitoring, forecasts and simulation —, which will be explored in this section.

Firstly, the monitoring page is presented in figure 5.3. To meet the needs described in US6, and
US7, the interface includes a real-time, interactive map of the supply chain network. This map dis-
plays transportation routes and collection points, with dynamic indicators showing the operational
status and capacity usage, when the user hovers a specific place of the supply chain. Warnings,
such as “Close to max capacity”, are used to alert users of potential bottlenecks, allowing them to
respond before disruptions occur. The user has the ability to click a node from the Supply chain
and view details, as well as make simulations for that specific point. If it is a factory, the user has
access to the production line’s 3D model, that updates in real-time. Then, the section presented
in the right fulfills the functionalities proposed in US8 and US9. Here the user can visualize
and quickly detect discrepancies between forecasted production, sales and reception of products
against actual outputs, supporting early intervention in case of inefficiencies. To support US10

and US11, two performance indicators (current Operational and Resource Use Performance), and
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a summary pannel are displayed at the bottom of the interface. These sections provide contextual
insights and help users prioritize their focus and actions. Just like in the strategic UI, the user has

access to a chatbot component, accessible from the bottom-right corner (US12).

Supply Chain

Manitoring Forecasts Simulation/Optimization

Products Received

2410412025
- I :
I [r—
" Curent  Expecien

Production and sales
24/04/2025

Operational Performance Resource Use Performance Summary
& 3 minor alerts active. No critical alerts.
87,5%) {g‘; Low product sales, narmal praduction.
“7 High product inflow, 8% above average.

Figure 5.3: Tactical Monitoring Page

Updated 3 secands ago

Secondly, the Forecasts User Interface, seen in figure 5.4, was designed to support tactical
users in making proactive, data-driven decisions by providing a clear overview of projected sup-
ply chain performance. This page is changeable through the selection of a time frame on the
topbar, allowing users to view based on the planning horizon relevant to their decisions — ad-
dresses US13. The “Expected Product Flow” line chart visualizes historical and forecasted data
across sales, production, and reception. In addition to supporting US14, this section also adrresses
requirement RS. A vertical marker labeled "Present" distinguishes past and future values, enabling
users to observe trends over time and understand the evolution of product flow. Furthermore, fore-
casted performance indicators are displayed at the bottom left and show trend arrows, allowing
users to assess whether these values are improving or declining relative to thresholds — fulfills
US16. Supporting US15, the Bottleneck Overview panel on the right provides a scrollable list of
predicted bottlenecks, where ach entry includes a severity indicator, capacity status, and the cause
of the issue. It also includes a popup of the geographic model of the supply chain with visual
indicators of the predicted state of its points. This gives users clear insight into which locations
require intervention and its reasoning. Users can also download a forecast report, enabling local
and offline access, which lines up with US18. When it comes to simulations and optimization
scenarios, this pages provides a simulation suggestions pannel that offers recommendations based
on the predicted bottlenecks and general innefficiencies — supports US17. Additionally, the user

has the option to run customized simulations (US19), which takes them to the simulation page,



5.5 User Interface Prototypes 41

presented in figure 5.5.
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Figure 5.4: Tactical Forecasts Page

In this page, tactical users can explore potential scenarios and validate operational strategies
for the supply chain. To enhance user understanding, this page showcases the current context and
inneficiencies of the system, by displaying the geographic representation of the supply chain with
visual performance indicators and a bottleneck overview section. The custom simulation controls,
present at the bottom section of the page, namely the “Transport Routes” and "Product Production"
components, allow users to assess how changes in transportation and product flows might impact
system-wide performance, and the existing bottlenecks — addresses US20 and US22. Supporting
US21, the “Test Maximum Product Production” button in the Simulation Controls panel enables
users to conduct stress tests. This function simulates the effect of maximizing production across
the supply chain, helping users understand system limitations, potential bottlenecks, and capacity
thresholds under high-load conditions. Addressing US23, the “View Previous Scenarios” button
in the Simulation Controls panel gives users access to earlier simulation runs. By revisiting and
comparing historical scenarios, users can evaluate the effectiveness of previously implemented
strategies and better inform future decision-making processes.

By clicking the "Run scenario" button on the bottom right corner, the user has access to the
simulation scenario results, which can be seen in figure 5.6. The scenario results interface was
designed to support decision-making in the context of simulation and optimization tasks.

Supporting US24, the "X Dimensions Impact" radar chart provides a multi-dimensional as-
sessment of the scenario’s effects. Dimensions, previously defined for this level with Produc-
tionDfX, such as sustainability, reliability, flexibility, ergonomics, and Six Sigma performance

can be analyzed and compared against the current system. Additionally, the comparison of the



Case Study: RENEE project 42

Supply Chain

Monitering Forecasts Simulation/Optimization

[E—— =

Warehaouse Minn = Bottleneck Overview C
s

Factory Braga
Capseiy: 90%
Ingun

Factory VP, Aular
Capacy. 5%
wout G unieidy g @ Store M. Canaveses

Spnt ey B 98% capacity - Risk of averstocking
Store Matosinhos/Warehouse Barcelos

Slow transportation - Check routes
Store . eal

Factory Braga
75% capacity - High product inflow

% -

Vila Real

Stare M.Canaveses

Gapacity: 8% Warehouse Minha

75% capacity - Low stock

et Simulation Controls

View Previous Scenarios
Transport Routes Product Production

Test Maximum Product Production
Stock Redistribution Simulate Custom Production

Optimize Routes Forecast Demand

Figure 5.5: Tactical Simulation Page
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Figure 5.6: Tactical Scenario Results Page

operational and resource performance with the current state of the system are presented, allow-
ing users to explore trade-offs and benefits in detail. The “Cost Impact” panel, designed to fulfill
US25, displays a bar chart comparing cost categories (facilities, production, transport, inventory)

between the selected scenario and the current state. It also shows the total financial difference,
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allowing users to evaluate the scenario’s financial viability. Similarly, the Sustainability KPIs sec-
tions presents a side-by-side comparison of the metrics defined in US26, along with percentage
indicators, in order to illustrate the environmental impact of the simulation. The section "Scenario
Tools" allows users to export the report of the current scenarios, and to compare the scenario to
other ones — addresses US27 and US30. Comparison between scenarios can also be performed
by clicking the "Compare Scenario" tab, leading the user to the choice of scenario and then to the

results page (see figure 5.7).
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Figure 5.7: Tactical Compare Scenarios Pages

Addressing US28, the “Deploy Scenario” button enables direct implementation of the selected
scenario into the system’s physical counterpart. This bridges the digital and physical layers of
the twin, allowing users to move seamlessly from planning a simulation to executing it based on
validated simulation results. Finally, the parameter details are displayed in figure 5.8, and can be

accessed through the tab "Scenario Parameters". This interface showcases a visual representation
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of the simulation impact on the supply chain, and the comparison of bottlenecks. Additionally, in
the "Transport Routes" and "Product Production” sections, this UI displays the parameters of the

scenrio, showing the potential changes in these dimensions.
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Figure 5.8: Tactical Scenario Parameters Page

5.5.3 Operational User Interface

The DT-based system of this level is closely related to the production line, and was designed for
quick and immediate decision-making. The UI proposed for this kind of users is a traditional
GUI, with a 3D visual representation of the factory floor at its core. Despite the chosen format of
interface, other options were considered, but, due to the project’s scope and lack of time, were not
implemnted. The hypothesis of a immersive VR interface with speech recognition was considered.
This approach would allow operators to navigate the 3D factory layout, inspect processes, and
perform simulations using natural voice commands. The goal would be to improve situational
awareness and reduce cognitive load during production monitoring tasks.

Similarly to the tactical users’ UI, it is composed of three main pages — monitoring, forecasts
and simulation —, which will be explored in this section. Firstly, the monitoring page (displayed in
figure 5.9), composed of five main sections was designed to provided updated information about
the production line state, allowing users to efficiently monitor the system. The 3D model of the
production line, seen at the center of the page, fulfills US31, enabling operational users to visually
track real-time activity across the factory floor. The panel presented in the right side of the page,
simultaneously implements US32 and US33. Here, the user can use the toggle to change the

display of the section, from the current state of process steps — color-coded to reflect their status,
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including efficiency, effectiveness and item flow rate — , to the monitoring of product flow, which
shows the current production and reception of products. Regarding system performance (US34),
the user has access to the current capacity and performance, displayed using colored circular
gauges at the bottom of the page. This representation is able to alert users when values approach
critical thresholds. To address US35, a summary panel synthesizes key alerts and insights. This
includes warnings and comments, helping users rapidly identify and prioritize areas requiring
attention. Furthermore in this page the user has access to suggested simulations when clicking the

lighbulb icon, present in the troubled metric’s section (interaction presented in figure 5.10).

Supply Chain > Factory Braga

Monitoring Forecasts Simulation/Optimization
Process Steps Product Flow

Wheel Disassembly @
1.7 99% 89%

Cleaning & Inspection (0]
2.7
Nipple Installation ®

1.7 99% 89%

Nipple Tightening 0]

Updated 3 seconds ago

Capacity Performance Q Summary

Operational Resource Slightly low resource performance.

75.0% {'é} Normal production values.
87,5% C
S .

High product inflow, 6% above expected.

Supply Chain > Factory Braga

Monitoring Forecasts Simulation/Optimization

Process Steps. Product Flow

Reception Production

2410412025 20j042025

Reception Rate Production Rate

4.8

w

i)

aq

Updated 3 seconds ago

Capacity Performance Q Summary
Operational Resource /N slightly low resource performance.
75.0% @ §6% Normal production values.
"G, High product inflow, 6% above expected. @
Figure 5.9: Operational Monitoring Page

The Forecasts page for operational users is very similar to the tactical foreacasts page, having
the same high-level functionalities. The functionalities outlined in the operational user stories

(US37 to US44) are implemented in the Ul presented in figure 5.11. As these functionalities have
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already been described in the context of the tactical forecasts section, they will not be discussed

again here.
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Figure 5.11: Operational Forecasts Page

The simulation page, displayed in figure 5.12, allows users to create custom simulation sce-
narios for the production line. The 3D model and bottleneck overview panel are kept from the
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monitoring page, allowing users to analyze the current state of the factory floor via visual indica-
tors. To support US45, the section "Work stations" provides users with the options of manually re-
distributing work stations, or automatically optimize them by balancing the production line. In the
"Custom Product Flow" panel, customized product production and reception can be tested, which
helps users to assess the system’s performance under different input/output scenarios (US46). The
maximum amount of product flow can also be testes using the stress testing options present in the

"Simulation Controls" section (US47).
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Figure 5.12: Operational Simulation Page

When clicking the "Run scenario” option — US48 —, the scenario is employed and users can
evaluate the effects of planned changes before applying them in the real environment. The results
and parameters of the simulation are presented on a page similar to the one presented in figure
5.13. These pages implement the user stories from US49 to US56, and, since they are so similar

to the tactical functionalities, they will not be described again here.

5.6 Usability Testing

The usability testing phase was designed to evaluate how effectively users interact with the devel-
oped prototypes of the Digital Twin-based system and to simulate realistic interaction scenarios.
This evaluation followed the usability testing protocol defined in section 4.5.

During the tests, participants were asked to perform a series of predefined tasks for each user
profile without prior training, in order to assess the system’s intuitiveness and first-time usability.
The presented tasks were designed to represent the core functionalities of the platform, spanning

operational monitoring, scenario simulation, and high-level decision support. Following each
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Figure 5.13: Operational Scenario Page

task, participants entered their answer to the task’s question in a questionnaire and addressed
its difficulty. At the end, they were asked to fill a brief survey that evaluates the five core UX
dimensions. In addition to the technical questionnaire, demographic data was collected, and the

testing sessions were audio recorded so that no feedback went unregistered.

5.6.1 Tasks Overview

Seven representative tasks that reflect realistic interactions within a Digital Twin-based manufac-
turing system were defined for the usability evaluation. Each task was designed with a specific
goal and a set of steps that users were expected to follow. Tasks required interaction with various
interface components and varied in difficulty. These tasks were categorized into tactical, opera-
tional, and strategic levels to assess the interface across a variety of contexts and decision-making
scenarios. The strategic level tasks, which had to be completed in the corresponding Uls, were the

first ones presented to the participants:
» Task 1: In the Balanced scorecards financial dimension, what is the best performing KPI?

» Task 2: Simulate the increase of capacity in factory Braga and product production by 20%,

using natural language. How much would this change increase the company’s expenses?
Secondly, the tasks defined for the tactical level are as follows:
» Task 3: What is the current operational performance of the supply chain?
* Task 4: Compare Scenario 1 and 6. Which has the higher transport costs?
» Task 5: How many products are expected to be produced next month?
Finally, the testers carry out the operational level tasks:
» Task 6: What is the current effectiveness of the tire fitting step?

» Task 7: What is the cost impact of increasing the production of products to 24 and the

reception of products to 19, while also balancing the production line?
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The expected flow for each task, alongside their pre and post conditions are presented in struc-
tured Use cases in table 5.1 (e.g. UC1 relates to Task 1).

5.6.2 Protocol

As proposed in section 4.5, the usability of the prototypes was evaluated using the proposed ques-
tions for the five UX dimensions. Additionally, to obtain a more comprehensive assessment of the
interfaces, the participants evaluated the difficulty of each task, and objective data was collected,
namely, task completion time and success rate.

The evaluation sessions were conducted using a computer, equipped with the user interfaces
and a Google Form containing the questions, a chrnometer, to measure task completion times, and
a phone to record the audio of the test. The time of a task starts when the user finished reading
its description and starts to interact with the prototypes. It ends once they answer the respective

question on the form. The success of a task can have four values:

* 0%, if the user registers the wrong answer, and, through the observation of the test, it is

clear that they did not understand the task’s objective.

* 25%, if the user completes the task with a major mistake, for instance, skips an important

step of the task execution.

* 75%, if the user understood the task’s objective, but completes it with a minor erros, or

registers the wrong answer on the form.
* 100%, if the user successfuly registers the answer of the task and follows its main flow.

An evaluation session is considered complete when the participant has completed all assigned

tasks, has answered all questions and submitted the form.

5.6.3 Participant Sample Characterisation

Ideally, the participants of the study would be end users of the final system. Since that was not

possible, the participants of the tests consisted of ten individuals with the following characteristics:

* Aged between 23 and 45 years old, with a mean age value of 28, mode of 24 and standard

deviation of 6.5.
* Mostly researchers (9 out of 10 — 90%), and a single participant being a software engineer.
* 70% male participants, and 30% female.

* Diverse levels of knowledge of Digital Twin-based systems, with a average value of 3.4 on
a scale from 1 to 5, IQR of 1.0 and standard deviation of 1.26.

These demographic data suggests a relatively young participant group, academic-oriented with

intermediate to advanced knowledge in DT-based systems.
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ID Precondition Main Flow Postcondition
1. Click the "Financial" section of the ) )
) User identifies Cost
User is on the Balanced Scorecard chart.
UC1 ] management as the
main page. 2. Read the chart and fin the largest
. top KPL
section.
1. Click chat icon. . )
i User identifies
. 2. Enter message (already defined) in the
User is on the 300.000€ as the
ucC2 ] text box.
main page. . expenses of the
3. Submit query.
company.
4. Read chatbot response.
) . User identifies the
User is on the 1. Check the operational performance
ucC3 o i performance as
monitoring page. | section.
87.5%.
1. Click the "Simulation/Optimization"
tab.
2. Click the "View Previous Scenarios" ) )
i User identifies that
User is on the button. ) ]
Uuc4 o ) ) Scenario 1 has higher
monitoring page. | 3. Select scenarios 1 and 6 from the list.
. . transport costs.
4. Click the "Compare Scenarios" button.
5. Check cost impact section for transport
costs.
1. Click the "Forecasts" tab.
2. Select the "Medium-term forecast ) )
) ) ] User identifies 400
User is on the (1 month)" option on the time frame ]
UucCs o ] products will be
monitoring page. | section.
produced.
3. Check product flow chart for the
forecasted production value.
. 1. Scroll through the process steps list. User identifies that
User is on the ] o ] ] )
uce L 2. Check the "Tire Fitting" step for its the effectiveness is
monitoring page. .
effectiveness. 87%.
1. Click the "Simulation/Optimization"
tab.
2. Set product production to 24. . .
) ) User identifies that
User is on the 3. Set product reception to 19.
ucC7 o . o . the cost reduces
monitoring page. | 4. Click the "Production line balancing"
by 140,000€.
button.
5. Click the "Run simulation" button.
6. Check the cost impact section.
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5.6.4 Results

This section presents the results obtained from the usability tests performed. As previously men-
tioned, both objective — success rate and task completion time — and subjective — perceived task
difficulty and UX dimensions questionnaire — data were collected.

In figure 5.14, a table with a color-coded representation of task success per participant is
presented. In this context, the green sections represent 100% success, the yellow ones are 75%

sucess, the orange ones are 25% of sucess, and the red squares represent 0% success.

P1 7] P3 P4 P5 P6 P7 P8 P9 P10

Task 1

Task 2

Task 3

Task 4

100% success

Task 5
75% success

Task 6
25% success

Task 7

0% success

Figure 5.14: Task sucess rate

The analysis of task success rates revealed generally high levels of task completion, with most
tasks achieving a 90% success rate or higher. Task 3 had a perfect success rate of 100%, followed
closely by Task 2 at 97.5%. Tasks 4, 5, 6, and 7 all maintained a strong success rate of 90%,
indicating consistent usability performance across these activities. However, Task 1 emerged as a
significant outlier, with only 52.5% success rate. This suggests that Task 1 may present usability
challenges that require closer examination and UI refinement. Overall, the average success rate
across all tasks was 87.1%, reflecting generally effective task design with isolated issues.

The second objective measure studied is the task completion time. Since there is a general
correlation between task completion time and perceived difficulty, it is relevant to present these
measures side-by-side. Figure 5.15 presents the boxplots for task completion time, in seconds,
and task perceived difficulty, asked using a 5-point Likert scale question at the end of each task.

Task 1 shows low completion times, with low spread, meaning that there was some consistency
in participants regarding the time spent on this task. Its difficulty, according to the participants’
answers, falls in the low/moderate range, with a mean difficulty of 2.2. An important point to note
is that this task was the one that presented the lowest success rate, with only 52.5%. During the
sessions, through direct observation of the participants’ interaction with the system, it was clear
that there was a design flaw in the donut chart presented, or in the question itself. Almost half of
the users did not answer this question correctly, since they did not click the financial section of
the chart, and instead just observed the first layer of the display, registering "Internal processes"

as their choice.
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Figure 5.15: Boxplots for task completion time and perceived difficulty

The second task has the highest variability, concerning both difficulty and completion time.
According to users, this was one of the most challenging tasks, having a mean difficulty of 2.8.
Similarly to Task 1, the question formulated for this task created some confusion among users.
This was because the question requested users to natural language to perform a simulation, which
made the goal of using the chatbot component unclear to them.

Task 3, which had the lowest perceived difficulty, also had one of the shortest and most con-
sistent completion times. This consistency of low values and success rate of 100% shows that the
goal of the task was clear to the participants and that it was easy to complete. Then, similarly
to Task 2, Task 4 has a high difficult tasks overall, with a median rating of 3. This suggests that
users perceived this task as more challenging. The main struggle observed in this task was the
low visibility of previous scenarios button in the simulation page. Although the majority of users
navigated to this page, they had some difficulty to understand how to view and compare previous
scenarios.

Task 5 presents moderate perceived difficulty, with a median of 2.5 and a fairly tight IQR, and
relatively long completion times. These values suggest medium to high difficulty. Task 6 and Task
7 wer rated as relatively easy, with medians around 1-2, and short completion times, indicating
they were easy and quick to complete. Since these tasks were the last ones to be performed, the
users’ prior use of the system may have had some impact on their low perceived difficulaty and
completion times.

The final questionnaire about the system, composed of the questions previously outlined,
aimed to assess the five UX dimensions. Figure 5.16 presents a spider chart with the values of each
dimension. Overall, these varaibles present high values, above 80%, with the exception of the un-
dersatndability, which obtained 79%. The variable with the best score is "Delight Factors", which
shows that in general the users appreciated the aesthetics of the Uls. The convenience metric also
presents a high score, of 84, which is relevant, because it implies that the system is user-friendly,
does not frustrate users, and reduces cognitive and physical effort. Finally, the dependability and
usability values suggest that the system provides reliable information, and replicable functionali-

ties, while also being clear with its purpose.
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Figure 5.16: Spider chart for the 5 UX dimensions

These results indicate that the proposed UX design methodology successfully supports the de-
sign process in Digital Twin-based systems. Participants were able to interact effectively with the
interface, and the feedback gathered confirms the alignment of the system’s functionalities with
the users’ roles and expectations. The satisfactory outcomes validate the relevance of incorporat-
ing user-centered principles in the development process and demonstrate the potential for better

performance and user satisfaction in industrial contexts.



Chapter 6

Conclusions

This study’s main goal was to understand the importance of user interaction and experience in Dig-
ital Twin-based systems, and the pertinence of employing user-centered development techniques
in this context. The exploratory literature review performed revealed that, while the technical ca-
pabilities of these systems have been evolving rapidly, their usability and the user experience (UX)
dimension remains widely underexplored.

The core contribution of this dissertation lies in the comprehensive approach proposed for the
development of UX in DT-based systems. It was constructed based on a thorough literature review,
interviews with domain experts, and an applied case study in the RENEE project, which enabled
the validation of the methodology in a realistic manufacturing scenario. This methodology em-
phasizes the importance of understanding the users’ roles, technical backgrounds, and information
needs to develop appropriate user interfaces that enable smooth and efficient interactions with the
system. It is composed of two main parts: a list of high-level requirements, that outline good UX
practices and present a vision for UX in DT-based systems, and a four step structured methodology,
that adopts standard practices of user-centered development — user profiling, functional mapping,
prototype-driven development, and usability testing.

The implementation of this approach in the case study within the RENEE project demonstrated
the importance of aligning UI design with user needs to obtain higher satisfaction, and increased
operational efficiency. These findings validated the importance of applying user-centered devel-
opment techniques in the design of DT-based systems and suggest that doing so can lead to more
inclusive, and effective industrial tools.

This work contributes to the growing interest and knowledge on socio-technical systems and
highlights the need for greater integration of human factors in the development of emerging digital
technologies. As DTs become more complex and embedded in manufacturing operations, effi-
cient interaction between humans and machines becomes crucial. Furthermore, this dissertation
supports the ongoing shift from Industry 4.0 to Industry 5.0, where human-centricity, sustainabil-
ity, and resilience are growing priorities. In this context, designing DT-based applications with
usability and accessibility in mind is a fundamental requirement for inclusive and effective digital

transformation.
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6.1 Future work

The future work of this study is envisioned on three parts. Further research could explore how AR,
MR, and voice or chatbot-based interfaces affect user cognition and engagement, especially for
non-expert users. Due to the scope of this project, the implementation of VR prototypes was not
possible, but it was a pertinent option, mainly for the operational users. Testing the applicability of
the proposed methodology in different contexts and implementations brings new opportunities to
refine the approach to fit a wider range of user profiles, technical infrastructures and user interfaces.

Regarding the case study presented, future work relies on performing more iterations and pro-
gressing to the implementation of the system. Further iterations would allow for the refinement of
the user interfaces based on direct user feedback obtained during the usability tests. This iterative
approach is essential to ensure the system remains aligned with the needs of its diverse user base
and adapts effectively to real-world usage scenarios. Additionally, implementing the system in the
industrial environments present in the RENEE would enable a more comprehensive evaluation of
its performance, reliability, and long-term impact on user experience, operational efficiency, and
decision-making processes. This real-world implementation in the different RENEE pilots would

also validate the methodology proposed in this study and identify areas for future enhancement.

6.2 Scientific Contribution

As part of the research workflow, a scientific article where we instantiate the UX requirements for
a product-process digital twin-based system, with the focus on circularity and sustainability was
developed and submitted during the dissertation process. The article, titled User Experience in
Digital Twin-based Systems, was peer-reviewed, accepted, and presented at the IEEE Interna-
tional Conference on Digital Twin (Digital Twin 2025)).



References

[1]

(2]

(3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

User Experience—Digital Twin Maturity Model (UX-DTMM). In Smart Innovation, Systems
and Technologies, pages 877-889. Springer Nature Singapore, Singapore, 2023. ISSN: 2190-
3018, 2190-3026.

Adriana-Georgiana Agape, Daniel Stoenciu, and Cosmin-Constantin Chircu. Virtual Reality
(VR), Augmented Reality (AR) and Mixed Reality (MR), A Necessity of The Modern Diving
Technology. Land Forces Academy Review, 29(2):179-184, June 2024.

Mohammad Abdullah Al Faruque, Deepan Muthirayan, Shih-Yuan Yu, and Pramod P. Khar-
gonekar. Cognitive Digital Twin for Manufacturing Systems. In 2021 Design, Automation
& Test in Europe Conference & Exhibition (DATE), pages 440445, February 2021. ISSN:
1558-1101.

Beatrice Alenljung, Jessica Lindblom, Maximiliano Zaragoza-Sundqvist, and Atieh Hanna.
Towards a Framework of Human-Robot Interaction Strategies from an Operator 5.0 Perspec-
tive. In Andrew Thomas, Lyndon Murphy, Wyn Morris, Vincenzo Dispenza, and David
Jones, editors, Advances in Transdisciplinary Engineering. 10S Press, November 2023.

A.J. Baptista, D. Peixoto, A.D. Ferreira, and J.P. Pereira. Lean Design-for-X Methodology:
Integrating Modular Design, Structural Optimization and Ecodesign in a Machine Tool Case
Study. Procedia CIRP, 69:722-727, 2018.

Alessio Baratta, Antonio Cimino, Maria Grazia Gnoni, Giovanni Mirabelli, Antonio
Padovano, and Simone Talarico. How Cognitive Capabilities for Smart Operator enhance
Human-Robot Collaboration. In Proceedings of the 35th European Modeling & Simulation
Symposium, EMSS. CAL-TEK srl, 2023.

Barbara Rita Barricelli, Elena Casiraghi, and Daniela Fogli. A Survey on Digital Twin:
Definitions, Characteristics, Applications, and Design Implications. IEEE Access, 7:167653—
167671, 2019.

Barbara Rita Barricelli and Daniela Fogli. Digital Twins in Human-Computer Interaction:
A Systematic Review. International Journal of Human—Computer Interaction, 40(2):79-97,
January 2024.

Abla Chaouni Benabdellah, Imane Bouhaddou, Asmaa Benghabrit, and Oussama Beng-
habrit. A systematic review of design for X techniques from 1980 to 2018: concepts, applica-

tions, and perspectives. The International Journal of Advanced Manufacturing Technology,
102(9-12):3473-3502, June 2019.

Maria Inés Branco. Multi-Dimensional Evaluation Methodology for Production Systems
Based on Design-for-Excellence Approaches. 2024.

56



REFERENCES 57

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

Till Bottjer, Daniella Tola, Fatemeh Kakavandi, Christian R. Wewer, Devarajan Ramanujan,
Claudio Gomes, Peter G. Larsen, and Alexandros losifidis. A review of unit level digital
twin applications in the manufacturing industry. CIRP Journal of Manufacturing Science
and Technology, 45:162-189, October 2023.

Maria Pia Ciano, Mirco Peron, Luigi Panza, and Rossella Pozzi. Industry 4.0 technologies in
support of circular Economy: A 10R-based integration framework. Computers & Industrial
Engineering, page 110867, January 2025.

Marianna Ciccarelli, Alessandra Papetti, and Michele Germani. Exploring how new in-
dustrial paradigms affect the workforce: A literature review of Operator 4.0. Journal of
Manufacturing Systems, 70:464—-483, October 2023.

Istvan David, Dominik Bork, and Gerti Kappel. Circular systems engineering. Software and
Systems Modeling, 23(2):269-283, April 2024.

Roberta Destefanis, Nazarena Cela, Luisa Torri, and Franco Fassio. Systemic Approach Ap-
plied to the “R” Paradigm of the Circular Economy: A Critical Reading of the Winemaking
Process Through Case Studies from Northwest Italy. Sustainability, 16(20):8960, October
2024.

Donato Di Donato, Giorgia Dal Pont, Loris Navoni, Stefano Massarino, and Alessandro
Beretta. An applicative Industrial Metaverse experience in Semiconductor Industry. [EEE
Engineering Management Review, pages 1-12, 2025.

Lorenzo D’Orazio, Massimiliano Schiraldi, and Martina Varisco. Kpis in operations man-
agement: extending the 15022400 standard scope. 09 2018.

Ellen MacArthur Foundation. Circular economy introduction: Overview, 2024. Accessed:
2025-06-27.

European Commission. Directorate General for Research and Innovation. Industry 5.0: to-
wards a sustainable, human centric and resilient European industry. Publications Office,
LU, 2021.

Grandi Fabio, Contini Giuditta, Peruzzini Margherita, and Roberto Raffaeli. A human-
centric methodology for the co-evolution of operators’ skills, digital tools and user interfaces
to support the Operator 4.0. Robotics and Computer-Integrated Manufacturing, 91:102854,
February 2025.

Vishal Fegade, R.L. Shrivatsava, and A.V. Kale. Design for Remanufacturing: Methods and
their Approaches. Materials Today: Proceedings, 2(4-5):1849-1858, 2015.

Carolina Fortuna, Vid HanZel, and Blaz Bertalani¢. Natural Language Interaction with a
Household Electricity Knowledge-based Digital Twin. In 2024 IEEE International Confer-
ence on Communications, Control, and Computing Technologies for Smart Grids (Smart-
GridComm), pages 8—14, September 2024. ISSN: 2474-2902.

Nikolaos Gkatzios, Nikolaos Vryonis, Constantinos Fragkos, Christos Sakkas, Vasileios
Mavrikakis, Vaios Koumaras, George Makropoulos, Dimitrios Fragkos, and Harilaos
Koumaras. A Chatbot Assistant for Optimizing the Fault Detection and Diagnostics of Indus-
try 4.0 Equipment in the 6G era. In 2023 IEEE Conference on Standards for Communications
and Networking (CSCN), pages 124—-129, November 2023. ISSN: 2644-3252.



REFERENCES 58

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

(33]

[34]

[35]

[36]

Bartlomiej Gladysz, Tuan-anh Tran, David Romero, Tim Van Erp, Jdnos Abonyi, and Tam4s
Ruppert. Current development on the Operator 4.0 and transition towards the Operator 5.0:
A systematic literature review in light of Industry 5.0. Journal of Manufacturing Systems,
70:160-185, October 2023.

Michael Grieves. Digital twin: Manufacturing excellence through virtual factory replication.
03 2015.

Hai-feng Guo and Yu Han. Research on Closed-Loop Supply Chain Based on Digital Twin.
In 2022 2nd International Conference on Algorithms, High Performance Computing and
Artificial Intelligence (AHPCAI), pages 270-273, October 2022.

Sri Hartini and Udisubakti Ciptomulyono. The Relationship between Lean and Sustainable
Manufacturing on Performance: Literature Review. Procedia Manufacturing, 4:38-45, 2015.

Sri Hartini, Udisubakti Ciptomulyono, Maria Anityasari, and Sriyanto. Manufacturing sus-
tainability assessment using a lean manufacturing tool: A case study in the Indonesian
wooden furniture industry. International Journal of Lean Six Sigma, 11(5):943-971, Novem-
ber 2020.

Michael Z. Hauschild, Sami Kara, and Inge Rgpke. Absolute sustainability: Challenges to
life cycle engineering. CIRP Annals, 69(2):533-553, 2020.

Haihong Huang, Hongmeng Xu, and Zhifeng Liu. Multi-task deep learning-empowered
digital twin for functional composite materials fabricated by laser additive remanufacturing.
CIRP Annals, 73(1):125-128, 2024.

David Jones, Chris Snider, Aydin Nassehi, Jason Yon, and Ben Hicks. Characterising the
Digital Twin: A systematic literature review. CIRP Journal of Manufacturing Science and
Technology, 29:36-52, May 2020.

Ruihao Kang, Junshan Hu, Zhanghu Shi, Jiawei Zhang, Zhengping Li, Zhihao Li, and Wei
Tian. A high-precision digital twin modeling approach for the serial-parallel hybrid drilling
robot in aircraft assembly. Robotics and Computer-Integrated Manufacturing, 94:102986,
August 2025.

Chao Ke, Xiuyan Pan, Pan Wan, Zixi Huang, and Zhigang Jiang. An Intelligent Redesign
Method for Used Products Based on Digital Twin. Sustainability, 15(12):9702, June 2023.

Mairi Kerin, Duc Truong Pham, Jun Huang, and Jeremy Hadall. A generic asset model for
implementing product digital twins in smart remanufacturing. The International Journal of
Advanced Manufacturing Technology, 124(9):3021-3038, February 2023.

Werner Kritzinger, Matthias Karner, Georg Traar, Jan Henjes, and Wilfried Sihn. Dig-
ital Twin in manufacturing: A categorical literature review and classification. IFAC-
PapersOnLine, 51(11):1016-1022, 2018.

Martin Wolfgang Lauer-Schmaltz, Israa Kerim, John Paulin Hansen, Gabor Maté Gulyaés,
and Henning Boje Andersen. Human Digital Twin-based interactive dashboards for informal
caregivers of stroke patients. In Proceedings of the 16th International Conference on PEr-
vasive Technologies Related to Assistive Environments, pages 215-221, Corfu Greece, July
2023. ACM.



REFERENCES 59

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Shoupeng Li, Zhisheng Zhang, Wenyu Wu, Yuan Fang, and Zhijie Xia. Cognitive Evaluation
of Digital Twin Interface Layout of Industrial Machine Tools Based on Aesthetics Model.
In 2022 28th International Conference on Mechatronics and Machine Vision in Practice
(M2VIP), pages 1-5, November 2022.

Qiang Liu, Hao Zhang, Jiewu Leng, and Xin Chen. Digital twin-driven rapid individualised
designing of automated flow-shop manufacturing system. International Journal of Produc-
tion Research, 57(12):3903-3919, June 2019.

Vicky Lofthouse and Sharon Prendeville. Human-Centred Design of Products And Services
for the Circular Economy — A Review. The Design Journal, 21(4):451-476, July 2018.
Publisher: Routledge _eprint: https://doi.org/10.1080/14606925.2018.1468169.

E.J. Lourenco, J.P. Pereira, R. Barbosa, and A.J. Baptista. Using Multi-layer Stream Mapping
to Assess the Overall Efficiency and Waste of a Production System: A Case Study from the
Plywood Industry. Procedia CIRP, 48:128-133, 2016.

Valeria Lukaj, Alessio Catalfamo, Maria Fazio, Antonio Celesti, and Massimo Villari. Opti-
mized NLP Models for Digital Twins in Metaverse. In 2023 IEEE 47th Annual Computers,
Software, and Applications Conference (COMPSAC), pages 1453—-1458, June 2023. ISSN:
0730-3157.

Shiwen Mao and Michelle Gong. An introduction to digital twin standards. GetMobile:
Mobile Computing and Communications, 26:16-22, 10 2022.

Hira Magbool, David Michael Cook, Chris Cameron Napier, Leisa Armstrong, Dean
Diepeveen, and Hrishikesh Nyeete. Early Aesthetics Integration in Digital Twin Dashboards
in Isolated Agriculture: Data Modelling and Remote Networks. In 2023 IEEE Asia-Pacific
Conference on Geoscience, Electronics and Remote Sensing Technology (AGERS), pages
77-83, December 2023. ISSN: 2771-6600.

Emanuele Gabriel Margherita and Anastassiya Zabudkina. Building human-centric organi-
sations with industry 4.0 technologies in the industry 5.0 era: A micro and meso level per-
spective. 2023.

Georgios Mylonas, Athanasios Kalogeras, Georgios Kalogeras, Christos Anagnostopoulos,
Christos Alexakos, and Luis Munoz. Digital Twins From Smart Manufacturing to Smart
Cities: A Survey. IEEE Access, 9:143222-143249, 2021.

Alexander R. Neuhaus, Christian J. Kusmitsch, Dieter Eier, and Fabian Simmank. Effects
of User Interface Design on Cognitive Load in Air Traffic Management. In 2024 Integrated
Communications, Navigation and Surveillance Conference (ICNS), pages 1-10, Herndon,
VA, USA, April 2024. IEEE.

David Chek Ling Ngo, Lian Seng Teo, and John G. Byrne. Modelling interface aesthetics.
Information Sciences, 152:25-46, June 2003.

D.C.L. Ngo and J.G. Byrne. Aesthetic measures for screen design. In Proceedings 1998 Aus-
tralasian Computer Human Interaction Conference. OzCHI’'98 (Cat. No.98EX234), pages
64-71, November 1998.



REFERENCES 60

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Abiodun E. Onile, Juri Belikov, Eduard Petlenkov, and Yoash Levron. Leveraging Digital
Twins and Demand Side Recommender Chatbot for Optimizing Smart Grid Energy Effi-
ciency. In 2023 IEEE PES Innovative Smart Grid Technologies - Asia (ISGT Asia), pages
1-5, November 2023. ISSN: 2378-8542.

Pawel Pawlewski. Scientific and Practical Challenges for the Development of a New Ap-
proach to the Simulation of Remanufacturing. Sustainability, 16(9):3857, May 2024.

Paulo Mantelatto Pecorari and Carlos Roberto Camello Lima. Correlation of customer ex-
perience with the acceptance of product-service systems and circular economy. Journal of
Cleaner Production, 281:125275, January 2021.

Margherita Peruzzini, Fabio Grandi, and Marcello Pellicciari. Benchmarking of Tools for
User Experience Analysis in Industry 4.0. Procedia Manufacturing, 11:806-813, 2017.

Theresa Riedelsheimer, Lisa Dorfhuber, and Rainer Stark. User centered development of a
Digital Twin concept with focus on sustainability in the clothing industry. Procedia CIRP,
90:660-665, 2020.

Juliana Salvadorinho, Leonor Teixeira, and Beatriz Sousa Santos. Storytelling with Data in
the Context of Industry 4.0: A Power BI-Based Case Study on the Shop Floor. In Constan-
tine Stephanidis, Gavriel Salvendy, June Wei, Sakae Yamamoto, Hirohiko Mori, Gabriele
Meiselwitz, Fiona Fui-Hoon Nah, and Keng Siau, editors, HCI International 2020 — Late
Breaking Papers: Interaction, Knowledge and Social Media, volume 12427, pages 641-651.
Springer International Publishing, Cham, 2020. Series Title: Lecture Notes in Computer
Science.

Romao Santos, Henrique Piqueiro, Rui Dias, and Cldudia D. Rocha. Transitioning trends into
action: A simulation-based Digital Twin architecture for enhanced strategic and operational
decision-making. Computers & Industrial Engineering, 198:110616, December 2024.

Claudio Sassanelli, Andrea Urbinati, Paolo Rosa, Davide Chiaroni, and Sergio Terzi. Ad-
dressing circular economy through design for X approaches: A systematic literature review.
Computers in Industry, 120:103245, September 2020.

Zhichen Sha, Zhisheng Zhang, Wenyu Wu, and Zhijie Xia. Evaluation of Digital Twin
Machine Tool Interface Layout Based on Situation Awareness. In 2024 30th International
Conference on Mechatronics and Machine Vision in Practice (M2VIP), pages 1-4, October
2024. ISSN: 2996-4164.

Mike Shafto, Mike Conroy, Rich Doyle, Ed Glaessgen, Chris Kemp, Jacqueline LeMoigne,
and Lui Wang. Modeling, simulation, information technology and processing roadmap.
2010.

Guodong Shao, Sanjay Jain, Christoph Laroque, Loo Hay Lee, Peter Lendermann, and Oliver
Rose. Digital Twin for Smart Manufacturing: The Simulation Aspect. In 2019 Winter Sim-
ulation Conference (WSC), pages 2085-2098, National Harbor, MD, USA, December 2019.
IEEE.

Henrique Silva, Tomas Moreno, Anténio Almeida, Anténio Lucas Soares, and Américo
Azevedo. A Digital Twin Platform-Based Approach to Product Lifecycle Management: To-
wards a Transformer 4.0. In José Machado, Filomena Soares, Justyna Trojanowska, Vitalii



REFERENCES 61

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Ivanov, Katarzyna Antosz, Yi Ren, Vijaya Kumar Manupati, and Alejandro Pereira, editors,
Innovations in Industrial Engineering II, pages 14-25. Springer International Publishing,
Cham, 2023. Series Title: Lecture Notes in Mechanical Engineering.

Henrique Diogo Silva, Miguel Azevedo, and Anténio Lucas Soares. A Vision for a Platform-
based Digital-Twin Ecosystem. IFAC-PapersOnLine, 54(1):761-766, 2021.

John Soldatos, editor. Artificial Intelligence in Manufacturing: Enabling Intelligent, Flexible
and Cost-Effective Production Through Al. Springer Nature Switzerland, Cham, 2024.

Issei Suzuki and Pitoyo Hartono. Human-in-the-loop: infusing knowledge into neural net-
works. In 2024 IEEFE International Conference on Mechatronics and Automation (ICMA),
pages 1665-1670, August 2024. ISSN: 2152-744X.

Omkarprasad S. Vaidya and Sushil Kumar. Analytic hierarchy process: An overview of
applications. European Journal of Operational Research, 169(1):1-29, February 2006.

Kung-Jeng Wang, Ying-Hao Lee, and Septianda Angelica. Digital twin design for real-
time monitoring — a case study of die cutting machine. International Journal of Produc-
tion Research, 59(21):6471-6485, November 2021. Publisher: Taylor & Francis _eprint:
https://doi.org/10.1080/00207543.2020.1817999.

Xi Vincent Wang and Lihui Wang. Digital twin-based WEEE recycling, recovery and
remanufacturing in the background of Industry 4.0. [International Journal of Produc-
tion Research, 57(12):3892-3902, June 2019. Publisher: Taylor & Francis _eprint:
https://doi.org/10.1080/00207543.2018.1497819.

Yankai Wang, Shilong Wang, Bo Yang, Lingzi Zhu, and Feng Liu. Big data driven Hierar-
chical Digital Twin Predictive Remanufacturing paradigm: Architecture, control mechanism,
application scenario and benefits. Journal of Cleaner Production, 248:119299, March 2020.

Thomas Wastling, Fiona Charnley, and Mariale Moreno. Design for Circular Behaviour:
Considering Users in a Circular Economy. Sustainability, 10(6):1743, May 2018.

Junjie Wu, Zhisheng Zhang, Wenyu Wu, and Zhijie Xia. Application of AHP Integrated with
GRA for Aesthetic Evaluation of Digital Twin Monitoring Interface Layout. In 2024 30th
International Conference on Mechatronics and Machine Vision in Practice (M2VIP), pages
1-5, October 2024. ISSN: 2996-4164.

Xian Yang, Chu Zhang, Yijing Li, Chaolan Tang, and Peigin Liang. Dynamic user pro-
file construction and its application to smart product-service system design: A maternity-
oriented case study. Expert Systems with Applications, 249:123772, September 2024.

Yaxin Yang, Haiying Wen, Wenyu Wu, Zhisheng Zhang, and Jianxiong Zhu. Evaluation
of Digital Twin Interface Based on Aesthetics. In 2022 28th International Conference on
Mechatronics and Machine Vision in Practice (M2VIP), pages 1-4, November 2022.

Yi Yang, Manxian Liu, Kun Jia, Wenjie Dong, and Jian Wang. Towards LLM-Enhanced
Digital Twins of Intelligent Computing Center. In 2024 IEEE 24th International Conference
on Software Quality, Reliability, and Security Companion (QRS-C), pages 84—89, July 2024.
ISSN: 2693-9371.



REFERENCES 62

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Seungkeun Yeom, Juui Kim, Hyuna Kang, Seunghoon Jung, and Tachoon Hong. Digital twin
(DT) and extended reality (XR) for building energy management. Energy and Buildings,
323:114746, November 2024.

Hao Yu and Xu Sun. Uncertain remanufacturing reverse logistics network design in industry
5.0: Opportunities and challenges of digitalization. Engineering Applications of Artificial
Intelligence, 133:108578, July 2024.

Xinyi Yu, Xiaoyao Sun, and Linlin Ou. Graphics-based modular digital twin software frame-
work for production lines. Computers & Industrial Engineering, 193:110308, July 2024.

Jiapeng Zhang, Jianhua Liu, Cunbo Zhuang, Haoxin Guo, and Hailong Ma. A data-driven
smart management and control framework for a digital twin shop floor with multi-variety
multi-batch production. The International Journal of Advanced Manufacturing Technology,
131(11):5553-5569, April 2024.

Xi Zhang, Ye Yang, Xin Zhang, Youmin Hu, Huapeng Wu, Ming Li, Heikki Handroos,
Haifeng Wang, and Bo Wu. A multi-level digital twin construction method of assembly line
based on hybrid worker digital twin models. Advanced Engineering Informatics, 62:102597,
October 2024.

Feifan Zhao, Wupeng Deng, and Duc Truong Pham. A Robotic Teleoperation System with
Integrated Augmented Reality and Digital Twin Technologies for Disassembling End-of-Life
Batteries. Batteries, 10(11):382, October 2024.

Xiaochen Zheng, Jinzhi Lu, and Dimitris Kiritsis. The emergence of cognitive digital
twin: vision, challenges and opportunities. International Journal of Production Research,
60(24):7610-7632, December 2022.

Jan Sturm, Patrik Zajec, Maja Skrjanc, Dunja Mladenié, and Marko Grobelnik. Enhancing
Cognitive Digital Twin Interaction using an LLM Agent. In 2024 47th MIPRO ICT and
Electronics Convention (MIPRO), pages 103—107, May 2024. ISSN: 2623-8764.



	Front Page
	Table of Contents
	List of Figures
	List of Tables
	1 Introduction
	1.1 Context and Motivation
	1.2 Problem
	1.3 Research questions
	1.4 Report Structure
	1.5 Project development
	1.5.1 INESC TEC and the RENÉE Project
	1.5.2 Dissertation Work plan


	2 Literature Review
	2.1 Methodology
	2.2 Digital Twin Technologies
	2.2.1 Concepts and Architecture
	2.2.2 Applications of Digital Twins
	2.2.3 Digital Twins in Manufacturing
	2.2.4 Digital Twin-Based Systems

	2.3 Industry paradigms and Circular Economy
	2.3.1 The transition from Industry 4.0 to Industry 5.0
	2.3.2 Operator 4.0 and Operator 5.0
	2.3.3 Circular Economy
	2.3.4 Remanufacturing and its challenges
	2.3.5 The role of Digital Twins in the Circular Economy

	2.4 From user interaction to user experience in Digital Twin
	2.4.1 Overview of User Interfaces in Digital Twins
	2.4.2 Large Language Models in Digital Twins
	2.4.3 Evaluation of user interfaces in Digital Twins
	2.4.4 User Centered Development implementation in Digital Twins


	3 Methodology
	3.1 Problem Description
	3.2 Development Process
	3.3 Interview Protocol
	3.3.1 Participants
	3.3.2 Interview questions


	4 User Experience Design in Digital Twin-based Systems
	4.1 High-level requirements for Digital Twin-based systems User Experience
	4.2 User Profiling
	4.3 Functionalities Mapping
	4.4 User Interface prototype design
	4.5 Usability testing

	5 Case Study: RENÉE project
	5.1 Case studies overview
	5.2 Integration with ProductionDfX
	5.3 User Profiles
	5.4 Mapped Functionalities
	5.4.1 Strategic User Stories
	5.4.2 Tactical User Stories
	5.4.3 Operational User Stories

	5.5 User Interface Prototypes
	5.5.1 Strategic User Interface
	5.5.2 Tactical User Interface
	5.5.3 Operational User Interface

	5.6 Usability Testing
	5.6.1 Tasks Overview
	5.6.2 Protocol
	5.6.3 Participant Sample Characterisation
	5.6.4 Results


	6 Conclusions
	6.1 Future work
	6.2 Scientific Contribution

	References

