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Abstract

The integration of robotic systems into environments shared with people requires that
robots are not only safe and functional, but also socially acceptable. Social acceptance is
defined as the extent to which users feel safe, understood, and comfortable when inter-
acting with a robot, and depends on factors such as trust, transparency, compliance with
soctal norms, and adaptability.

This thesis addresses the topic by first proposing a reference model based on three compo-
nents: definitions, requirements, and architecture. The requirements include both func-
tional and non-functional aspects, such as usability, perceived usefulness, safety, privacy,
and cultural alignment. From an architectural perspective, a socially acceptable robot
must integrate multimodal perception, awareness of the surrounding context, safety, and
adaptive control.

Within this model, the research presented in this work focuses on two main aspects: user
understanding and social navigation.

User understanding concerns the ability of the robot to detect and interpret cognitive and
emotional states, in order to personalize interaction and enhance user comfort and trust.
To this end, classification methods based on multimodal sensors and biosignal analysis
(EEG, ECG, GSR, facial expressions) were developed to estimate mental workload and
stress levels in human-robot collaboration scenarios. The studies confirmed the validity of
physiological indices as predictors of cognitive and emotional states and led to the creation
of a public multimodal dataset dedicated to collaborative robotics. These tools allow the
robot to dynamically adapt its operational parameters, thereby improving the quality of
nteraction.

Social navigation, which is crucial for mobile robots operating in dynamic and populated
environments, was addressed through the development of a control framework capable of
integrating spatial and temporal constraints to ensure socially acceptable behavior. The
approach combines signal temporal logic (STL) with control barrier functions (CBF's),
guaranteeing compliance with specifications and safety of interaction even under uncer-

tainty and in the presence of dynamic obstacles. The framework was extended with ad-
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ditional constraints to maintain the user within the robot’s field of view and with robust
formulations that incorporate filtering techniques, ensuring reliability even in complex
real-world scenarios.

In parallel, a cognitive architecture was proposed that integrates large language models
(LLMs) to interpret heterogeneous inputs (emotional state, intentions, social context)
and translate them into navigation parameters. This solution enables the robot to dynam-
ically and contextually adapt its movement strategy, leading to the concept of intelligent
social navigation. In addition, a lightweight architecture was developed for social guidance
tasks, combining facial recognition, gesture detection, and skeleton tracking, in order to
guarantee transparent and reactive behavior in public environments.

Overall, the thesis demonstrates that social acceptance is not a static property of the robot,
but an emergent phenomenon resulting from interaction with the user. The proposed
solutions for user understanding and social navigation lay the groundwork for robots
capable of acting effectively, safely, and adaptively, and ultimately being accepted and

trusted by people in real-world contexts.
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Sommario

L’integrazione dei sistemi robotici negli ambienti condivisi con le persone richiede che 1
robot mon siano soltanto sicuri e funzionali, ma anche socialmente accettabili. L’accetta-
zione sociale viene definita come il grado in cui gli utenti si sentono al sicuro, compresi e a
proprio agio nell’interazione con un robot, e dipende da fattori quali fiducia, trasparenza,
rispetto delle norme sociali e adattabilita.

La tesi affronta tale tema proponendo inizialmente un modello di riferimento fondato
su tre componenti: definizioni, requisiti e architettura. I requisiti comprendono aspetti
funzionali e non funzionali, quali usabilita, utilita percepita, sicurezza, privacy e allinea-
mento culturale; dal punto di vista architetturale, un robot socialmente accettabile deve
integrare percezione multimodale, consapevolezza del contesto che lo circonda, sicurezza
e controllo adattivo.

Allinterno di questo modello, il lavoro di ricerca di questo elaborato si concentra su due
aspetti principali: comprensione dell’utente e navigazione sociale.

La comprensione dell’utente riguarda la capacita del robot di rilevare e interpretare stati
cognitivi ed emotivi, per personalizzare ’interazione e incrementare comfort e fiducia con
l'utente. A tale scopo, sono stati sviluppati metodi di classificazione basati su sensori
multimodali e analisi di biosignali (EEG, ECG, GSR, espressioni facciali), finalizzati a
stimare carico mentale e livelli di stress in scenari di collaborazione uomo-robot. Gli studi
hanno evidenziato la validita di indici fisiologici come predittori dello stato cognitivo ed
emotivo, e hanno portato alla realizzazione di un dataset multimodale pubblico dedicato
alla robotica collaborativa. Questi strumenti consentono al robot di adattare dinamica-
mente parametri operativi migliorando la qualita dell’interazione.

La navigazione sociale, fondamentale per i robot mobili in ambienti dinamici e popolati,
¢ stata affrontata attraverso lo sviluppo di un framework di controllo capace di integrare
vincoli spaziali e temporali assicurando che il robot abbia comportamenti socialmente ac-
cettabili. L’approccio combina Signal Temporal Logic (STL) con Control Barrier Func-
tions (CBFs), garantendo il rispetto delle specifiche e la sicurezza dell’interazione anche

i condizioni di incertezze e presenza di ostacoli dinamici. Il framework é stato esteso con
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vincoli addizionali per il mantenimento del campo visivo dell’utente e con formulazioni
robuste che integrano tecniche di filtraggio, assicurando affidabilita anche in scenari reali
complessi.

Parallelamente, ¢ stata proposta un’architettura cognitiva che integra modelli linguistici
di grandi dimensioni (LLMs) per interpretare input eterogenei (stato emotivo, inten-
zioni, contesto sociale) e tradurli in parametri di navigazione, arrivando cosi al concetto
di navigazione sociale intelligente. Questa soluzione abilita il robot ad adattare la pro-
pria strategia di movimento in modo dinamico e contestuale. Inoltre, é stata sviluppata
un’architettura leggera per compiti di guida sociale, basata su riconoscimento facciale,
rilevamento gestuale e tracciamento scheletrico, in grado di garantire un comportamento
trasparente e reattivo in ambienti pubblici.

Nel complesso, la tesi dimostra che 'accettazione sociale non é una proprieta statica del
robot, ma un fenomeno emergente dall’interazione con l'utente. Le soluzioni proposte
per la comprensione dell’utente e la navigazione sociale pongono le basi per robot capaci
di agire in modo efficace, sicuro e adattivo, ma soprattutto accettato e apprezzato dalle

persone nei contesti reali di utilizzo.
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Chapter 1

Introduction

The increasing integration of robotic systems into human-shared environments has un-
derscored the importance of ensuring that robots behave in a way that is not only safe
and functional, but also socially acceptable. As robots become part of everyday life,
guiding users in public spaces, assisting the elderly, or supporting workers in industrial
settings, they must navigate both physical and social environments while respecting hu-

man norms, expectations, and comfort.

In this context, the European project Socially-Acceptable Extended Reality
Models and Systems (SERMAS) [15] plays a pivotal role. SERMAS aims to de-
velop innovative, formal, and systematic methodologies and technologies for modeling,
developing, analyzing, testing, and studying the use of socially acceptable advanced eX-
tended Reality (XR) systems. Importantly, the project is not limited to virtual or
augmented environments: the methodologies and architectures are conceived to encom-
pass a spectrum of XR agents, ranging from purely virtual avatars to embodied physical

agents such as robots.

Building on the objectives of SERMAS, this thesis addresses the multifaceted concept of
social acceptance in robotics, as shown in Fig. 1.1, proposing a structured perspec-
tive grounded in three pillars: definitions, requirements, and architectures. Social
acceptance is defined as the extent to which users feel safe, understood, and comfort-
able in their interaction with robots, including trust, transparency, ethical behavior, and
adaptability. Requirements for social acceptance are grouped into functional and non-
functional aspects and include usability, perceived usefulness, cultural alignment, safety,
privacy, and compliance with social norms [7]. Architecturally, a socially acceptable XR
system must be equipped with multimodal perception capabilities, context awareness,

human modeling, and adaptive control [9].

The study of this topic has produced the following publications:

[7] Systematic analysis of requirements for socially acceptable service robots
A. Ruo, S. Arreghini, L. Capra, R. De Chiara, V. Di Pasquale, A. Giusti, C. Iani,
A. Paolillo, D. Petrak, A. Plaum, M. Quamara, L. Sabattini, V. Schmuck, P.
Servillo, F. Zurolo, and V. Villani
17th International Workshop on Human-Friendly Robotics (HFR), 2024.
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SOCIAL ACCEPTANCE IN ROBOTICS

DEFINITION

REQUIREMENT

ARCHITECTURE

USER UNDERSTANDING SOCIAL NAVIGATION

COGNITIVE AND EMOTIONAL STATE
ESTIMATION VIA BIOSIGNAL CBF-BASED STL SOCIAL NAVIGATION

ADAPTIVE INTERFACES AND

ASSISTIVE TECHNOLOGIES INTELLIGENT SOCIAL NAVIGATION

Figure 1.1: Overview of the thesis structure, highlighting the main research pillars and their
interconnections.

[9] Towards a modular architecture for extended reality systems
M. Quamara, L. Capra, V. Villani, C. Carlevaro, O. Celiktutan, A. Peretti, M.
Piazzola, A. Ruo, L. Sabattini, V. Schmuck, et al.
8th International Conference on Artificial Intelligence and Virtual Reality, 2024.

Among the various factors that contribute to the social acceptance of a robot, this thesis
focuses on two key aspects: user understanding and social navigation, which are

addressed in parallel to ensure socially intelligent behavior, as shown in Fig. 1.1.

The first key component of social acceptance is user understanding, which focuses on
how a robot can perceive and interpret the cognitive and emotional states of its users.
By gaining awareness of individual characteristics and behavioral patterns, the robot can

personalize its behavior and improve interaction fluency, comfort, and trust.

To this end, this thesis explores user understanding through multimodal sensing and
biosignal analysis. In particular, we leverage physiological and behavioral data to
estimate user workload, stress levels, and interaction strategies. Such information is es-
sential to adapt the robot’s control parameters such as speed, distance, and trajectory
in a socially intelligent manner. We first investigated mental workload using electroen-
cephalographic (EEG) signals, comparing cognitive responses in various tasks including
a human-robot collaboration (HRC) scenario. EEG-based indices such as Theta, Al-
pha, and Beta power, Beta/Alpha ratio, and Theta/Alpha ratio proved to be reliable
indicators of mental effort, especially in tasks involving attention and decision-making
during collaboration [14]. These findings provide a foundation for real-time monitor-
ing of cognitive state during HRC. Building on this, we introduced SenseCobot, a pub-
licly available multimodal dataset for collaborative robotics, which includes synchronized
recordings of EEG, electrocardiogram (ECG), Galvanic skin response (GSR), facial ex-
pressions, and task performance from 21 users involved in progressive cobot program-
ming tasks. Through this dataset, we extracted several stress-related indicators and
demonstrated strong correlations between biosignal metrics (e.g., GSR recovery time,
EEG Alpha asymmetry, HRV parameters) and perceived workload levels as assessed via

NASA-TLX questionnaires [13]. A complementary study validated these results in a
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realistic setting, proposing a multimodal methodology for real-time stress classification
during robot programming, enabling the assessment of operator stress in HRC scenar-
ios, and demonstrating how EEG, ECG, GSR, and facial expression parameters can be
interpreted to detect human stress conditions in HRC [3]. Finally, recognizing the need
to adapt interaction not only cognitively but also physically, we developed some adap-
tive interfaces and assistive technologies such as a low-cost electromagnetic robotic
gripper, optimized for collaborative settings. Experimental validation showed that the
proposed gripper can successfully handle a range of object sizes and weights [2]. In
parallel, we explored assistive technologies for visually impaired users, implementing a
wearable stereo vision system capable of detecting and verbally indicating obstacles in

real-time, enhancing user autonomy and safety [4].

The study of these topics has produced the following publications:

[14] Use of EEG signals for mental workload assessment in human-robot
collaboration
A. Ruo, V. Villani, and L. Sabattini
Human-Friendly Robotics (HFR), 2022.

[13] Unlocking human-robot dynamics: Introducing SenseCobot, a novel
multimodal dataset on industry 4.0
S. Borghi, F. Zucchi, E. Prati, A. Ruo, V. Villani, L. Sabattini, and M. Peruzzini
19th ACM/IEEE International Conference on Human-Robot Interaction (HRI),
2024.

[3] Assessing operator stress in collaborative robotics: A multimodal ap-
proach
S. Borghi, A. Ruo, L. Sabattini, M. Peruzzini, and V. Villani
Applied Ergonomics, vol. 123, p. 104418, 2025.

[2] A low-cost 3D printed electromagnetic gripper for robotic arms
A. Ruo, L. Bernardi, L. Campanelli, M. Grespan, D. Trane, R. Sedoni, D. Angeli,
L. Sabattini, and V. Villani
Mechatronics, vol. 110, p. 103374, 2025.

[4] A wearable stereo vision-based obstacle detection system for visually
impaired individuals
A. Ruo, D. Napolitano, and V. Villani
Fifth International Workshop on Agents and Robots for reliable Engineered Au-
tonomy, 2025.

The second key component of social acceptance, particularly for mobile robots, addressed
in this thesis is social navigation, i.e. the ability to move through dynamic, populated
environments while respecting human comfort, personal space, and behavioral expecta-
tions. In such contexts, navigation is no longer a purely geometric task but becomes
inherently social, requiring the robot to comply with both safety and social navigation
constraints. Beyond safety, however, effective interaction in human-shared spaces also
demands intelligent social navigation, where the robot is capable of interpreting con-
textual cues, reasoning about user intent, and dynamically adapting its behavior. This
requires a synergy between low-level control methods, that enforce formal guarantees

of safety and task satisfaction, and high-level reasoning mechanisms, that can translate
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social and affective information into navigation parameters. As illustrated in Fig. 1.1,

these considerations provide the foundation for the chapter on social navigation.

To address this challenge, this thesis proposes a control framework for socially respon-
sible robot navigation (SRN) grounded on Signal Temporal Logic (STL) and
Control Barrier Functions (CBFs). STL provides a formalism to express spatio-
temporal specifications such as task timing, spatial constraints, and social rules, while
CBFs ensure real-time adherence to these constraints by enforcing forward invariance of
safe sets in the control law. We first introduced a method to encode STL constraints into
smooth CBFs, enabling the robot to perform motion planning that guarantees the satis-
faction of the specifications under dynamic and uncertain conditions. This formulation
supports nonlinear velocity constraints and accounts for both static and dynamic
obstacles, making it suitable for complex environments [10]. We further enhanced this
approach with an angular constraint, ensuring that the user remains within the robot’s
field of view during companion-like tasks [11]. Recognizing that real-world sensors in-
troduce noise and uncertainty, we extended the methodology by integrating a robust
CBF-based STL formulation with an Unscented Kalman Filter (UKF). This allows
the robot to estimate state accurately and maintain safety guarantees even in the pres-
ence of imperfect localization or perception [6]. Simulation results demonstrated that this
robust version could successfully satisfy temporal constraints and collision avoid-
ance requirements in scenarios with varying operational modes and obstacle densities.
Moreover, a practical real-world validation of the CBF-based STL social navigation

framework for omnidirectional mobile robots in ROS2 Humble has been proposed in [1].

To further enhance the robot’s capabilities for social navigation, we also considered how
information in human-robot interaction (HRI) is inherently fragmented, ranging from
physiological signals and environmental conditions to the robot’s internal state, user
characteristics, and task constraints. While humans intuitively integrate these diverse
cues to guide their behavior, robots require an explicit mechanism to interpret and act on
such complexity [8]. Large Language Models (LLMs) provide a promising solution
by transforming heterogeneous inputs into a unified representation of the social context.
Leveraging this capability, we proposed a two-layer architecture for socially intelligent
navigation. In this architecture, a LLM is used to interpret human intent, social con-
text, and affective cues such as user category, emotional state, and confidence to infer
navigation parameters like speed limits, social distance, and navigation mode (e.g., fol-
low, accompany, reach). These parameters are then enforced at the control level using
a CBF framework [5] based on our works [6, 10, 11|. The system allows the robot to
dynamically adjust its motion strategy based on contextual and environmental cues,
demonstrating good accuracy in interpreting human requests and generating appropri-
ate behavior. In addition, we developed a lightweight architecture that integrates user
identification and behavior adaptation for social guidance tasks. By combining facial
recognition, gesture detection, and skeleton tracking, the robot can recognize a user and
guide them while continuously monitoring their proximity. In particular, the navigation
is suspended when the user is no longer within the expected distance range, ensuring

reactive and transparent guidance behavior in public environments [12].



The study of this topic has produced the following publications:

[10]

[11]

[6]

[

8]

[5]

[12]

CBF-based motion planning for socially responsible robot navigation
guaranteeing STL specification

A. Ruo, L. Sabattini, and V. Villani

European Control Conference (ECC), 2024.

CBF-based STL motion planning for social navigation in crowded envi-
ronment

A. Ruo, L. Sabattini, and V. Villani

European Robotic Forum, 2024.

Robust CBF-based STL motion planning for socially responsible robot
navigation in the presence of measurement noise

A. Ruo, L. Sabattini, and V. Villani

American Control Conference (ACC), 2025.

Deployment of a CBF-based STL social navigation framework on omni-
directional mobile robots

A. Ruo, L. Sabattini, and V. Villani

Submitted to: Robotics and Automation Practice (RA-P), 2025.

A large language model-based motion planning for human-robot inter-
action: An experimental case study

A. Coppari, S. Proia, A. Ruo, F. Favali, L. Sabattini, C. Secchi, V. Villani, M.
Piazzola, and L. Capra

17th International Workshop on Human-Friendly Robotics, 2024.

An LLM-based architecture for socially intelligent robot navigation based
on social cues

A. Ruo, J. Cacace, M. Dalmau-Moreno, L. Sabattini, and V. Villani

34st IEEE international conference on robot and human interactive communication
(RO-MAN). IEEE, 2025.

Follow me: an architecture for user identification and social navigation
with a mobile robot

A. Ruo, L. Sabattini, and V. Villani

European Robotic Forum, 2024.

In conclusion, this thesis demonstrates that social acceptance in robotics is a systemic

property that emerges from the interplay of multiple factors, including user understanding

and social navigation. By enabling robots to understand users through classification and

biosignal analysis, and to navigate socially through CBF-based STL motion planning and

LLM reasoning, we lay the foundations for robotic systems that are not only effective,

but also trusted, accepted, and embraced by people in real-world contexts.



1.1 Reference case study

Among the different contexts in which socially acceptable robotic systems can operate,
a recurring reference throughout this thesis is the receptionist agent. This case study
serves as a representative and integrative scenario, as it involves several aspects addressed
in the following chapters: from the system’s social acceptance requirements to the user
understanding and social navigation capabilities necessary to ensure intuitive and

trustworthy interaction.

A receptionist agent can be a mobile service robot designed to operate within public
environments such as banks, hotels, airports, or university buildings, where it interacts
with multiple users. Its main functions include welcoming visitors, providing information,
identifying and authenticating users, and escorting them to specific destinations. To
perform these tasks effectively, the robot must integrate perception, communication,
and navigation capabilities while satisfying social, functional, and ethical constraints.
For instance, it should be able to detect the user’s intention to interact, adapt its behavior
to different categories of people (e.g., adults, children, elderly, or impaired users), comply
with safety and privacy regulations, and move through dynamic environments populated

by humans without causing discomfort or intrusion.

Due to these multidisciplinary requirements, the receptionist agent constitutes an ideal
benchmark for studying social acceptance in robotics. It combines elements of multi-
modal perception, adaptive control, and context awareness, representing a real-

istic case in which social, cognitive, and navigational dimensions converge.

The design of such an agent thus provides a unifying framework linking the concepts
discussed in this thesis:

e in Chapter 2, it is used to illustrate how definitions, requirements, and architec-
tures jointly contribute to the development of socially acceptable systems;

e in Chapter 3, its interactive capabilities motivate the need for user understand-
ing, enabling the robot to perceive cognitive and emotional states for adaptive
interaction;

e in Chapter 4, its guidance behavior exemplifies social navigation, where motion

planning must respect both safety and social constraints.

In our works presented in this thesis, the receptionist agent evolves from a conceptual
model for requirements analysis to a modular implementation within the SERMAS archi-
tecture and, finally, to practical demonstrations of social navigation and human guidance.
Therefore, it serves as a consistent reference throughout the thesis, illustrating how the
proposed methodologies and architectures can be instantiated in real and socially mean-

ingful scenarios.



1.2 Thesis organization

This thesis is organized into four main chapters, each addressing a specific aspect of

social acceptance in robotics.

Chapter 2 — Social Acceptance. This chapter introduces the foundations of so-
cial acceptance in robotics, structured around three pillars: definitions, requirements,
and architectures. It reviews functional and non-functional requirements that a socially
acceptable system should satisfy, and discusses modular architectures that enable scal-
ability, security, and adaptability across different domains, including service robots and

XR systems.

Chapter 3 — User Understanding. This chapter focuses on the first key component
of social acceptance: the ability of robots to perceive and interpret the cognitive and
emotional states of their users. It presents methods based on multimodal sensing and
biosignal analysis (EEG, ECG, GSR, facial expressions) for workload and stress estima-
tion, introduces the SenseCobot multimodal dataset, and describes the development of
adaptive interfaces and assistive technologies such as a low-cost electromagnetic gripper

and a wearable obstacle detection system for visually impaired users.

Chapter 4 — Social Navigation. Among the various facets of social acceptance,
this chapter focuses on social navigation, which becomes particularly relevant for mobile
robots. It introduces a control framework for socially responsible robot navigation based
on STL and CBFs, ensuring compliance with safety and spatio-temporal specifications.
It further extends this approach to intelligent social navigation, where contextual and
affective cues are integrated through LLMs to infer navigation parameters and enable

adaptive, context-aware robot behavior in human-shared environments.

Chapter 5 — Main Findings and Future Directions. The final part of the thesis
summarizes the main contributions and results, highlighting how user understanding
and social navigation jointly contribute to social acceptance in robotics. It also outlines

directions for future research,

For clarity, throughout the thesis the terms service robots and robotic agents are
used interchangeably to indicate embodied robotic systems designed to interact with

humans in social environments.






Chapter 2

Social Acceptance

Work automation is entering a new phase in which robotic systems are expected to sup-
port a wide range of tasks, extending beyond traditional industrial applications. Over
time, robots have evolved from single-function machines into intelligent and versatile
systems, profoundly influencing various types of occupations [16]. Current interest in
deploying robots in service tasks that require more interaction with humans has directed
the focus on a new generation of service robots. Examples of such applications include
healthcare [17], where receptionist agents assist patients with booking appointments and
guiding them to specific offices; museums [18], where they enhance the visitor experience
by offering guided tours and interactive exhibit information; or airports [19], where they
can speed up the check-in process, provide real-time flight updates, and assist passen-
gers with directions and general inquiries, all of which play a crucial role in enhancing
user experience and operational efficiency. For instance, Stricker et al. [20] introduced
TOOMAS, an interactive reception robot designed for shopping environments. This robot
is capable of autonomously approaching potential customers, navigating the marketplace,
and guiding customers to their selected products, thereby offering a fully accompanied
shopping experience. In [21], the authors, as part of the EU-funded MuMMER project,
developed a social robot designed to interact naturally and flexibly with users in pub-
lic spaces such as shopping malls. The EU-funded project SPENCER [19] developed a
reception robot designed to assist, inform, and guide passengers in large and crowded
airports. This robot integrates map representation, laser-based people and group track-
ing, activity and motion planning to efficiently manage passenger assistance. Moreover,
in [12], we presented an architecture for user identification and social navigation using a
mobile robot. This architecture leverages computer vision, machine learning, and artifi-
cial intelligence algorithms to identify and guide users within a social navigation context,

thereby providing an intuitive and user-friendly experience with the robot.

To enhance the diffusion of such systems, it is fundamental to guarantee safety and
smooth interaction with the user. As regard safety, the robot must not cause any
harm to the user. This topic has been largely investigated in the literature. For example,
in the case of collaborative robots, the safety standards and collaborative modes have
been considered in [22]. In navigation tasks, collisions with the users must be avoided

[10, 23]. However, to guarantee smooth interaction, treating humans simply as obstacles



may not be sufficient. In [24], the authors have considered issues such as human-oriented
perception, natural human-robot interaction, readable social cues, and real-time perfor-
mance, presenting a taxonomy of design methods and system components used to build
socially interactive robots. In [25] the authors have provided an analysis of users inten-
tions, robot behaviors, and their impact on the interaction, building upon the works in
[26] and [27]. Additionally, it is important to guarantee the acceptance of robots. In this
regard, it is important that the user feels comfortable interacting with the robots and
perceives the system as understandable, pleasant, easy to use, and useful [28]. Wirtz et
al. [29] have presented the Service Robot Acceptance Model (sRAM) to explain how and
why consumers accept and use service robots. The authors have argued that consumer
acceptance of service robots depends on how well these robots can meet user’s needs and
achieve role congruence. The sRAM identifies three categories of elements that influence
robot acceptance: functional elements (such as perceived ease of use and usefulness),
social-emotional elements (such as perceived humanness and social interactivity), and
relational elements (such as trust and rapport). In [30, 31], studies have been conducted
to evaluate the quality of service based on real data. Specifically, [30] has found that
customers’ highest priorities for robot service quality are assurance and reliability, while
tangibility and empathy are not as important. Meanwhile, [31] has found that customers
in hospitality and restaurant scenarios have exhibited more unethical behavior when ex-
cluded by human staff rather than robots under service exclusion, but more unethical

behavior when served by robots compared to human staff in inclusive scenarios.

These challenges are not limited to service robots. Indeed, similar issues also emerge
in the broader domain of XR systems, as highlighted in the SERMAS project [15]. In
this context, virtual agents and immersive technologies must be designed to ensure trust,
transparency, and socially acceptable. This underscores the need for architectures that
can be generalized across both physical and virtual agents. In particular, XR is an um-
brella term encompassing three primary constituents, Virtual Reality (VR), Augmented
Reality (AR), and Mixed Reality (MR), each extending the boundaries of human per-
ception by offering a different interactive and immersive experience for human users. XR
systems employ a spectrum of technologies like computer vision, motion tracking, and
advanced displays that blend the physical (or real) world and the virtual world (or digital
content) [32]. The scope of XR is extensive, driven by ongoing technological advance-
ments (like improved hardware and software, wireless connectivity, Artificial Intelligence
(AI) and machine learning integration) and cross-platform compatibility that continu-
ously push its boundaries and possibilities. As XR continues to evolve, its implications
are evident in diverse settings, like healthcare [33|, Industry 4.0 [34], Internet of Things
(IoT) [35], and industrial training [36].

To realize complex XR systems, a few architectures have been proposed in the litera-
ture, ranging from those addressing inter-device communication in industrial AR appli-
cations [37] to those using distributed data transmission models [38] and mobile device
integration [39] in MR-based applications and services. However, these proposals are
limited in addressing the challenges of expanding or upgrading the existing XR systems
to accommodate more users, devices, or interaction modalities based on the systems’ de-

ployment contexts. Modular approaches, being adaptable, can be applied across various
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domains to improve the systems’ scalability and offer the flexibility of incorporating new
hardware and software components. However, existing modular architectures like [40]
do not provide an execution environment where the XR systems based on these archi-
tectures can support the integration of routines for diverse languages, human percep-
tion, and human-system interaction behaviors. Implementing such systems is even more
technically challenging due to conflicts, inconsistencies, etc., across different deployment

contexts and applications.

In order to increase the social acceptance in the design process of service robots and
XR systems, in our work [9] we proposed a modular architecture that allows for the
applicability of XR systems across applications. The architecture comprises hardware,
software, and algorithmic modules derived from abstracting the system requirements.
We implemented this architecture relying upon cloud infrastructure resources, sup-
ported with edge computing frameworks and shared communication protocols, to allow
for scalability towards new application scenarios. XR systems built on this architecture
can address the additional requirements introduced by these scenarios by instantiating the
corresponding module. The architecture allows for fully distributed scenarios, irrespec-
tive of where the involved runtime is located. Another relevant trait of our architecture
is that it facilitates building socially acceptable XR and robotic systems that can
be used in diverse social contexts. Social acceptance influences the user experience of
XR systems for their wide-scale adoption. Thus, we aim to ensure that the systems will
satisfy the requirements and the needs of end users in compliance with the social context

in which they are deployed, emphasizing features like security and privacy.

Parallelly, to satisfy the conditions for acceptance, we identify a set of requirements,
which are systematically analyzed and presented in [7|. These requirements are expected
to elicit acceptability (i.e., an a priori positive evaluation by users when confronted with
the system), which in turn can lead to general acceptance (i.e., a positive, long-term

retrospective evaluation) [41] of service robots.

In particular, we provide a detailed discussion of the requirements that guide the
design of socially acceptable service robots. Leveraging these requirements in the design
process allows human-robot interaction to: i) satisfy the goals and needs of the user; ii)
comply with the social context in which the system is deployed; and iii) be transparent,

safe, secure, explainable, and trusted by the user.

The remainder of this chapter is organized as follows:

e Section 2.1 introduces the concept of social acceptance in robotics, reviewing the
different connotations found in the literature;

e Section 2.2 presents a systematic analysis of the functional and non-functional
requirements that a service robot must satisfy to be considered socially acceptable,
including a case study of a receptionist agent;

e Section 2.3 discusses existing and proposed system architectures, highlighting the
role of modularity, scalability, and security in the design of socially acceptable
service robots and XR systems;

e Section 2.4 provides concluding remarks and an outlook, linking the discussion on

social acceptance to the subsequent chapter on user understanding.
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2.1 Definitions

In the literature, the concept of acceptance has been widely discussed in relation to
technical systems in general, taking on various connotations [42, 43|. It is important to
underline that in this context, acceptance is defined at an individual level, i.e., regard-
ing the single user, and not at a societal level. A systematic review of the literature
is presented in [16], discussing how social acceptance of robots has been studied in
different occupational settings and what kinds of attitudes the studies have uncovered
about robots as workers. In [41], the authors define acceptance as the positive evaluation
that results in the motivation and eventual act of using the technology for the task it is
designed to support. In particular, consider the case of a receptionist agent whose task
is to provide information to users and guide them within a social environment. In this
scenario, the agent should exhibit specific behaviors that are user-friendly and socially
acceptable, to ensure an optimal user experience. In the case of service robots, social
acceptance may also refer to the capability of the technology to be used in different social
contexts in such a way that it does not make users feel uncomfortable or out of place.
Indeed, social acceptance may be defined as a user feeling comfortable with an artificial
agent as a conversational partner, finding its social skills credible, and accepting social
interaction as a way to communicate with it [43]. In any use case, there are different

aspects that must be considered to ensure the acceptance of a service robot.

The social acceptance of robotic agents in social spaces, following the connotations de-
fined in [42] and summarized in Table 2.1, can be divided into different aspects. Firstly,
physical acceptance refers to how users perceive the agent based on its appearance and
physical aspect. For instance, a robot designed with a friendly appearance is more likely
to be accepted by users. Secondly, behavioral acceptance involves user’s perceptions
of the agent’s use of the space and its non-verbal communication. Effective non-verbal
cues, such as gestures and facial expressions, can make the interaction appear more be-
lievable, fluent, and natural, thus enhancing user experience. Functional acceptance
relates to the agent’s practicality, innovativeness, and ease of use. Users are more likely
to accept a robot that is perceived as useful, accurate, and innovative in its functionality.
This includes the robot’s ability to perform tasks effectively and efficiently. In terms of
social acceptance, users must perceive the robot as a social entity capable of engag-
ing in social behaviors. The satisfaction of users is also influenced by the opinions of
others regarding human-machine interactions. The union between functional and social
acceptance gives rise to trust, that is, the belief that the agent acts with integrity and
reliability. Cultural acceptance addresses how well the agent aligns with the user’s
cultural norms and values. This includes factors like educational values and the general
tech-savviness of the target audience. An agent that respects and reflects cultural as-
pects is more likely to be accepted by users. Lastly, representational acceptance is
about users viewing the agent positively overall. This involves a general perception of

the robot’s role and presence in their environment.
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Table 2.1: Acceptance connotations [42]

Requirement Description/Rationale

Physical acceptance Users perceive the agent as likable and
credible based on its physical aspect

Behavioral acceptance Users perceive the agent’s non-verbal com-

munication as believable and the interac-
tion as fluent, natural, and pleasant

Functional acceptance Users perceive the agent as easy-to-use,
useful, accurate, and innovative
Social acceptance Users perceive a social entity in the agent,

consider it capable of performing social be-
havior, and are satisfied with what other
people think of human-machine interac-
tion

Cultural acceptance Users accept the agent because it complies
with their culture in general (e.g.: its ed-
ucational values and tech-savviness)

Representational acceptance Users consider the agent in a positive way

2.2 Requirements

Building upon these definitions, in [7] we have analyzed the requirements that may
guide the design of socially acceptable robotic systems. Specifically, we have divided the
requirements into functional and non-functional:

e Functional requirements (FRs) capture the intended behavior of the system.
This behavior may be expressed as a service or function which the system is required
to perform;

e Non-Functional requirements (NFRs) specify the criteria used to judge the

operation of a system, rather than its specific behavior.

The requirements presented in this section cover all types of acceptance, as schematized
in Table 2.1. In addition, a service robot must also be designed to meet the additional
requirements schematized in Table 2.2. Alongside these requirements, robotic agents may

need additional technical NFRs, which depend on the specific use case.

The requirement analysis proposed in [7] follows an approach guided by real-world use
cases, bottom-up principles, and user-centered design derived from the SERMAS [15].
From the use cases of SERMAS, user’s needs have been identified, leading to the deriva-
tion of requirements. To clarify the analysis, we can group all requirements into one
or more of the following categories: Interaction, Operability, Perception, Environment,

Privacy, Regqulations and Safety.
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Table 2.2: Additional Requirements

Requirement Description/Rationale

Compliance The agent correspond with the rules and the regulation
imposed by the use cases

Ethics The agent is civil, respectful, privacy-friendly, trans-
parent, trustworthy

Performance The agent is fast, safe, reliable, robust, scalable

Economics The agent is innovative, realizable on designated bud-
gets, and potentially marketable

Sustainability The agent is sufficiently documented, generally com-

patible and modular
Eco-Friendliness The agent is non-toxic, as energy-efficient and
resource-saving as possible, durable, recyclable

2.2.1 Interaction

This category includes requirements related to how users interact with the service robot,
encompassing input methods like text input, touchscreen interaction, voice commands,
and gestures. Effective interaction mechanisms are crucial for ensuring user-friendly ex-
periences, enabling users to communicate their needs and commands efficiently. The
system should support multiple interaction modes to accommodate diverse user prefer-

ences and ensure accessibility for individuals with varying abilities.

2.2.2 Operability

Operational requirements in this category pertain to the functionality and stability of
hardware and software components, ensuring smooth operation and reliability of the
service robot. This encompasses the system’s ability to perform tasks consistently over
time without failures, as well as its capacity for regular maintenance and updates. High
operability is essential for maintaining user trust and ensuring continuous, uninterrupted

service.

2.2.3 Perception

This category includes requirements concerning the sensory inputs used by the service
robot, such as computer vision, sensors, and other data sources for interpreting the en-
vironment. Accurate perception is vital for the system to understand and appropriately
respond to its surroundings. This involves recognizing objects, interpreting human ac-
tions and emotions, and making informed decisions based on real-time data from various

sources.
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2.2.4 Environment

This category encompasses requirements addressing the environment in which the ser-
vice robot operates, including both physical and digital environments. The agent must
demonstrate adaptability to different environmental conditions and seamless integration
with existing infrastructures. These environmental conditions may include factors such

as lighting, noise, object arrangement, and so on.

2.2.5 Privacy

Privacy requirements involve measures to protect sensitive data, including personal and
confidential information, ensuring proper handling and compliance with privacy regula-
tions. The agent must implement robust data security protocols to prevent unauthorized
access and misuse of information. Ensuring privacy protection is fundamental to building

user trust and complying with legal standards.

2.2.6 Regulations

Regulatory requirements encompass adherence to company policies, industry standards,
and legal regulations governing the use and deployment of service robots. Compliance
with these regulations is crucial to avoid legal repercussions and ensure ethical use of

technology.

2.2.7 Safety

Safety requirements ensure that the agent does not pose risks or hazards to users, min-
imizing the potential for injury or trauma during operation. The system should be
designed with safety features to prevent accidents and respond effectively to emergen-

cies.

2.2.8 Receptionist robot: a case study

The proposed requirement analysis allows the development of service robots that are
socially acceptable, through the selection of specific FRs or NFRs, as explained in Sec. 2.2.
Particularly, the system should meet FRs and NFRs, as shown in Fig. 2.1, with the NFRs

depending on the particular use case in which the system is deployed.

Within a social environment, a receptionist agent should be able to receive and interact
with users based on conversational activities, provide them with information, and guide
them to certain destinations safely and acceptably in all its connotations. Furthermore,
the agent should include an identification and authorization process to admit users to
the building.

To achieve this, we can define the following FRs and NFRs:

e Interaction FRs:
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Figure 2.1: The requirements necessary for a socially acceptable receptionist agent are cate-
gorized into FRs, depicted in green, and NFRs, depicted in orange. They can be grouped into
various categories, shown in red.

— Provide multi-language communication: users will have the possibility
to choose their preferred language for communications, enabling interaction
adaptation based on the user’s language preference.

— Greet the user: the service robot should greet the user using the most
appropriate interaction style for the identified user class.

— Understand user’s requests: the agent should be able to understand vari-
ous requests, such as accessing the building, locating specific areas within the
building, accessing security information, or receiving directions to particular
locations within the building, all aimed at meeting user needs.

— Provide help: the agent should be designed to offer useful suggestions and
guidance for resolving common issues or assisting users when they encounter
difficulties. Additionally, it should present a list of services it can provide
assistance with, such as accessing a building for a meeting, offering directions
to a designated meeting room or office, and providing safety information.

— Select the (main) mode of interaction: the system should offer users
a choice of text/touch, voice, and/or gesture interaction methods to tailor
interaction to individual preferences.

— Handle physical objects presented by the user: the agent should have
the ability to interact with objects presented by the user to enhance user in-

teraction and engagement.

16



e Interaction NFRs:

— Engage the user through physical aspect: the service robot should in-
corporate its own on-screen representation to enhance user engagement. The
agent representation will be designed to create a pleasant experience, com-
municating through voice messages synchronized with facial expressions and
body movements. The objective is to convey attentiveness and helpfulness in
providing service, all aimed at facilitating effective communication and user

engagement.

The receptionist agent must be able to guide the visitor within the social environment
until they reach the destination. During this task, the service robot should be able to
orient itself, follow the best route to the goal pose, and alert the visitor if he or she has

taken the wrong path.

To achieve this, we can define the following FRs and NFRs:
e Operability FRs:

— Provide video-call service: if required by the application context, the ser-
vice robot should have the capability to notify the host(s) of a visitor’s arrival
and initiate a video call (preferably utilizing a tool tailored to the company’s
requirements) to get approval for access.

— Verify the user: the agent should integrate a user verification procedure
(e.g., email link, SMS; etc.).

— Guide the user: the service robot should be able to accompany visitors
within the environment, retrieve the target destination, orient itself, select
the optimal route, and alert visitors if they deviate from the route, prioritiz-

ing safety by avoiding obstacles.

e Operability NFRs:

— Guarantee ease of use: the user should perceive the system easy to use and
comprehend, aiming to enhance user satisfaction and minimize errors.

— Be perceived as useful: the user must perceive the agent as useful, to
increase the likelihood of its use.

— Be perceived as reliable: the user should have the perception of reliability
of the service robot, to increase the probability of its use.

— Show the user how to get to a specific location: the agent should be
able to display a map and provide guidance to the user on navigating from
point A to point B to assist users in navigating the social environment.

— Transcribe user’s voice requests: the service robot should possess the ca-
pability to convert user’s spoken commands into written text, utilizing func-
tionalities such as speech-to-text (STT), to facilitate user interaction and data

processing.

Furthermore, the receptionist agent should be able to autonomously detect a user ap-
proaching with the intention to interact with the system. Additionally, the service robot
should be able to classify the user based on significant features extracted from the de-

tected approaching visitor. This is useful for the adaptation of social interaction.
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To achieve this, we can define the following FRs and NFRs:
e Perception FRs:

Detect user’s intention to interact: the agent should autonomously detect
approaching visitors, defined as individuals who move toward and stop in
front of it, excluding passing visitors, to initiate interaction and ensure secure
building access.

Classify the user: the service robot should be able to classify a visitor based
on key characteristics extracted from the detected approaching visitor (e.g.,
age), facilitating the adaptation of social interaction to the specific user.
Detect user’s indecision: the agent should be able to perceive the user’s
indecision during use and should possess a mechanism to suggest an assistance
function to the user so as to help him or her.

Detect help and understand request: the service robot should recognize
when a visitor explicitly asks for assistance in understanding his or her request,
whether it is expressed in language, or through gestures, to improve user
understanding.

Identify the user: the system should be capable of recognizing the presence
of a user to initiate interaction, following the procedure outlined in corporate
regulations.

Recognize the user who is speaking: the service robot will have the ca-
pability to identify the user who is speaking, particularly in scenarios where

multiple users are present, to initiate interaction with the appropriate user.

e Perception NFRs:

Scan QR code: if required by the application context, the system should
be capable of scanning the QR code provided by the user and verifying the
contained information.

Detect objects: the service agent should identify whether the user is holding
an object (such as a parcel), and the interaction is initiated only at the user’s

request, to offer support when requested.

In addition, during the tasks performed by the service robot within the case study, it is

necessary for the receptionist agent to be able to adapt to different environmental con-

ditions with existing infrastructures and be familiar with the surrounding environment.

For this reason, we can define the following FRs and NFRs:

e Environment FRs:

Have knowledge of host location: the service robot should have a mapping
of the building employees and their location.

Have knowledge of meeting room location: if required by the applica-
tion context, the agent should have a mapping of the meeting rooms and their

location.

e Environment NFRs:

Integrate company meeting-booking system: if required by the appli-
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cation context, the system should be capable of verifying meeting approval.

Potential weaknesses in the design or implementation of the service robot could be ex-
ploited by malicious actors or regular human users during human-agent interactions,
leading to security breaches or agent compromise. Additionally, users may raise ob-
jections during the case study execution phase, fearing issues related to the insecure

management of collected data.

For this reason, we can define the following FRs and NFRs:
e Privacy FRs:

— Guarantee privacy for requests: the agent should ensure privacy for re-
quests, aligning with both legal mandates and company policies.

— Guarantee privacy for responses: the service robot should ensure privacy
for responses, aligning with both legal mandates and company policies.

— Provide data storage: data used for body tracking, facial landmarks, or
any other information classified as “personal data” must be anonymized and

not retained, in line with legal and corporate regulations.

e Privacy NFRs:
— Be perceived as trusted: the user must be assured that interactions with
the agent are safe with regard to the processing of personal data or, at the very
least, the perceived risk associated with inappropriate data handling must be

minimal in order to increase the likelihood of its use.

In addition, the service robot must adhere to corporate security and safety regulations

to meet legal and company requirements.

To achieve this, we can define the following FRs and NFRs:
e Regulations FRs:
— Adhere to corporate regulation: the service robot must adhere to corpo-
rate security and safety regulations to meet legal and company requirements.
— Provide mandatory safety brief: the agent should provide mandatory in-
formation and/or company regulation on safety that are necessary for access

to the building, before enabling the visitor to access.

¢ Regulations NFRs:
— Avoid disturbance to the staff: the system must not disrupt or intrude
upon the tasks performed by reception employees, in accordance with com-

pany requirements.

Lastly, the service robot, during the execution of tasks within the case study, must ensure

safety.

To achieve this, we can define the following FRs and NFRs:
e Safety FRs:
— Ensure safe interaction with the environment and the user: the service

robot must be designed to interact safely with both its surroundings and the
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people it serves, minimizing the risk of accidents or injuries.

— Provide mandatory safety brief: the agent should provide visitors with
essential information on security and/or business regulations required for ac-
cess to the building before granting them entry, ensuring compliance with

organizational guidelines.

e Safety NFRs:

— Alert the user: the system should have the capability to alert human opera-
tors to abnormal environmental parameters, aiming to enhance environmental
quality.

— Use of acoustic signals: the service robot should be equipped with an au-
dible signal or similar measure that activates during movement to signal its

presence to people.

2.3 Architectures

Architectures make it possible to link abstract requirements such as safety, transparency,
privacy, and trust to the concrete capabilities of a system, including perception, interac-
tion, planning, and control. In this section, we present the architecture proposed in our
work [9], which is designed to support social acceptance regardless of the final application
domain or the specific system employed. Particularly, Table 2.3 provides a comparative

summary of recent architectures that have been proposed for different types of systems.

Table 2.3: Comparative summary of related works and our proposed architecture.

‘ Ref. (Year) ‘ System type ‘ Concern of interest ‘ Applicability ‘ Modularity ‘ Security
44] (2014) MR Mobile device support Mobile applications Not supported No
37| (2018) AR Device communication Industry 4.0 shipyard Not supported No
38] (2018) MR Sensor data transmission | Real-time collaborative systems | Not supported No
39| (2019) MR Device integration to IoT IoT services Not supported | Not detailed
40] (2020) XR Human-system interaction Industrial manufacturing Supported No
45| (2021) AR Application deployment ‘Web browsers Not supported Yes
Our work XR Human-system interaction Application-agnostic Supported Yes

In [37], Fernandez et al. proposed an architecture to streamline real-time device com-
munication in industrial AR applications. The architecture relies on fog computing to
reduce latency and offload cloud systems, as well as cloudlets to address fog gateways’
limited computing power for computationally intensive services. For MR applications,
some specific architecture variations exist for supporting mobile MR devices [44], de-
vice integration to IoT services [39], and distributed sensor data transmission based on

client-server and peer-to-peer models [38].

Serras et al. [40] proposed an Interactive XR (IXR) architecture for enhancing non-savvy
operators’ capabilities in the Industry 4.0 paradigm. IXR references the Spoken Dialogue
System’s architecture to implement different AR mechanisms by integrating modules for
voice-enabled human-system interaction. Despite IXR [40] focusing on the usability goals,
it is abstract, lacks articulation of modules’ technicalities, and is limited to verbal modes

of interaction.
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From the application deployment viewpoint, Pereira et al. [45] presented an AR-based
architecture, ARENA, for building and hosting multi-user interactive XR applications
on WebXR-capable browsers based on the user’s location. This is achieved by capturing

system resources’ states in scenarios to reduce latency and for runtime management.

XR and robotic systems often involve intricate hardware and software components and
need to scale to meet application-specific requirements. For social acceptance of these
systems, it is required that they adapt to how non-specialized users perceive and engage
with them in a social context. An architecture is thus called for that, at the same time,
(i) can provide a structured framework to capture hardware and software components
for engineering such complex systems that are applicable in different contexts, (ii) sup-
ports modularity to allow scaling up and extensions of the systems, (iii) enables social
acceptance of the systems. Unfortunately, none of the existing architectures provides all
these features in unison. More specifically, existing architectures do not provide a holistic
system addressing human-system interaction, and they are limited in combining cloud
and edge computing to address functional and non-functional requirements like security

and privacy, given the social context of the system, regardless of the application domain.

To realize a system that combines hardware, software, and algorithmic modules to provide
an experience that enables socially acceptable interactions with non-specialized users and
adapts to the deployment context, we need to adopt a modular architecture that supports
different interaction modalities (e.g., verbal and non-verbal, like user’s facial expressions)
across applications, ensures general applicability by being application-agnostic (i.e., not
applicable only to a specific kind of setting like IoT), and is open to the integration of
external inputs. In Sec. 2.3.1, we discuss our proposal for such an architecture. The
designed modules incorporate requirements and end users’ needs, specifically to support
a large set of languages and enable new interaction forms to avoid bias whilst ensur-
ing accessibility and security, which, in the present context, we consider representative

features of the system’s social acceptance.

2.3.1 Proposed architecture

The central concept of our system architecture proposed in [9] is modularity. The
system is composed of separate but highly interconnected modules, where each module
performs specialized tasks and can interact with other modules through two well-known
architectural styles: Representational State Transfer Application Programming
Interface (RESTful API) [46] and publish/subscribe (PUB/SUB) events [47].

The collective set of modules facilitates proper system functioning.

The overall architecture, shown in Fig. 2.2, enables fully distributed scenarios, regardless
of the location of the involved runtime. System runtimes can leverage remote resources
transparently to enable complex service compositions and a mesh of different runtimes,
facilitating multi-user and multi-domain interaction models. This can significantly en-
hance social acceptance of XR and robotic systems by providing versatile and inclusive

experiences that cater to diverse user needs and preferences in various contexts.
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Figure 2.2: Proposed architecture for socially acceptable XR and robotic systems.

2.3.2 Organization into modules

Modules are integrated within the platform via integration points, which provide con-
nections across various interfaces. The modules are defined to distribute responsibilities
for implementing the required functionalities and simplifying the implementation of new
requirements. To achieve this, we used a requirement-driven approach to identify the
necessary modules for the system, starting from the requirements (e.g., functional, non-
functional, security, privacy) and, where possible, consolidating and abstracting them to
identify the corresponding and required functionality. Consequently, a module represents
a piece of software and/or hardware of the system that implements a set of requirements

or a single requirement in some cases.

We considered this approach for the following advantages. Firstly, it enables a clear
identification of the responsibilities of each module, reducing the risk of leaving some re-
quirements unaddressed. Secondly, it allows scalability towards new application scenarios
and use cases. The system can address any additional requirements introduced by a new
use case by implementing a corresponding module that does not conflict or overlap with
existing ones. This can be facilitated by an architecture that supports straightforward
integration of new modules and implements a shared communication protocol among
the modules. Hence, adding, changing, or deleting a (third-party) component without

affecting the rest of the system requires less effort, unlike with a non-modular approach.

Specifically, each module can be defined according to the following specifications: i)

functionalities; ii) hardware specifications; iii) software specifications; iv) input/output
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from/to other modules; v) addressed requirements. The list of modules required to make

the system socially acceptable will be discussed in Section 2.3.3.

Communication model

To facilitate communication among modules, a unified communication model at the mod-
ule or application level is proposed, as illustrated in Fig. 2.3. This model encompasses
the following exchange patterns:

¢ Request/Response Model over HTTP and JSON: this communication model
provides request /response patterns, wherein a client “calls” a server by sending an
HTTP request, typically in JSON format, and the server responds with an HTTP
response, also often in JSON format. A straightforward use case is retrieving
information by initiating an instantaneous synchronous task (e.g., turning on a
light or opening a gate).

e Event-driven Messaging Model via MQTT: this communication approach
offers a PUB/SUB model and is suitable for message-passing events and near real-
time notifications from the system. The process is generally asynchronous and
is best suited for use cases where there is no specific timing between data ex-
changes or where the amount of data sent does not require explicit feedback from
the receiver(s) (e.g., when a motion sensor detects an activity, it sends messages to
the subscribed devices, allowing lights to activate and cameras to record real-time

events).

Having a dual mode of communication is advantageous in terms of flexibility, scalability,
and integration capabilities. For instance, by incorporating PUB/SUB capabilities, the
system can better handle large volumes of events or messages, which can be challeng-
ing to achieve with only RESTful APIs. Also, PUB/SUB systems excel at real-time
communication. When combined with RESTful APIs, these systems can address both
real-time and request-response communication. Further, each module shares Swagger [48]
for RESTful API and PUB/SUB events. Swagger is a set of open-source tools and spec-
ifications that provide a standardized way to describe, document, and consume RESTful
APIs and PUB/SUB events. It does not specify the method for exchanging information
with the API module but helps define and document the API structure.

Interoperability among modules

Interoperability among modules and applications is achieved by using two open stan-
dards, viz., OpenAPI [49] and AsyncAPI [50], which provides a formalized way to de-
fine data models (including message payloads) and endpoint interfaces. OpenAPI offers
tools and standardized definitions for APIs based on the request-response communication
model. AsyncAPI is a recent initiative supported by the Linux Foundation, which aims to
provide means to describe the PUB/SUB communication model. From the specifications
of the considered use case or application scenario, other tools can create wrappers with

client or server code for use during development, formal validation of sent and received
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messages, generation of user interfaces used as documentation and, in some cases, in-
teraction with server-side endpoints. For modules running on the same system platform
(e.g., a game engine), communication among modules is managed within the platform

itself, without the need for wrapping.

Security

We also incorporate solutions to address security, as it is one of the representative fea-
tures of social acceptance in the present context. Establishing security requires treating
the system as a socio-technical system, in which technology and human users interact
by exchanging messages and data, and in which both technology and humans contribute
to the security or can cause vulnerabilities. In this case, we used a message-signing ap-
proach based on the JSON Web Token (JWT) [51] to ensure the integrity of messages
exchanged between modules. The signed JWT tokens allow to check whether the in-
formation contained within the token has been tampered with during communication.
Likewise, inspired by Zero Trust Architecture (ZTA) [52], a centralized component in
charge of authentication and authorization can identify and decide which user can re-

trieve information or perform action on protected resources. This will help in mitigating
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concerns related to the safeguarding of user information, unauthorized use of interaction
data, and manipulation of system experiences, which can contribute to social acceptance

by ensuring the integrity of the technology.

2.3.3 Description of the modules

To implement the requirements discussed in the previous section, we identified a set of
functional modules that together realize the proposed architecture for socially acceptable
systems. Each module is designed to address specific socio-technical requirements and

can be independently developed and deployed.

Below, we describe the main modules and, for each of them, provide examples of how
they can be implemented.

e Detection module: this module supports the perception of the world through
different sensors, prioritizing on-edge processing to limit the transmission and po-
tential diffusion of user data. As hardware specification, it requires a camera and
a microphone. It carries out tasks such as user recognition (the user is standing
in front of the camera), determining user intention (the user’s intention to interact
with the system), user characterization in terms of mood (sentiment analysis), user
age estimations, and user sentiment extraction from speech.

We applied different technologies to achieve these functionalities. For example, for
user detection and characterization, we used the Faceapi Javascript [53| library.
This library allows the detection and recognition of user faces for web applications
by extracting emotions from face analysis and age estimations. It is implemented
on top of Tensorflow.js, a Google Al library for Javascript language.
Specifically, we used three pre-trained Al models to extract the information about
the user:
— Tiny face detector based on TinyYolov2, to detect a face in front of the camera;
— Face expression net, to detect user expression (i.e., happy, fearful, sad, disgust,
angry, surprise, and neutral);

— Age gender net, to estimate the age of the user in front of the camera.

Furthermore, this module can perform object detection through the camera. Re-
garding the sentiment extraction from the user speech, we used the SpeechBrain [54]
toolkit. It is an open-source, all-in-one speech toolkit based on PyTorch [55]. It
can perform different tasks, such as speech recognition, speaker recognition and di-
arization, speech enhancement and separation, multi-microphone signal processing,
end-to-end spoken language understanding, and language modeling.

e Robotics module: this module enables seamless interaction between the physical
and XR-based virtual worlds. It is an interface between the architecture and com-
ponents based on ROS2 [56], an open-source robotic operating system. It allows
communication with several robot applications, such as robotic arms.

Having a module that is a gateway towards ROS2 applications opens the XR ar-
chitecture to have extensive interoperability with a range of robotic systems, as
ROS2 is widely used in robotics. This component enables communications within

the distributed system and allows direct exchange of events from robots to the
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other modules. The type of robot depends on the specific application scenario. For
instance, if there is a need for the robot to move within an indoor environment, a
mobile base would be required. Conversely, if there is a need to grasp or hand over
objects, a robotic arm is needed.

e Dialogue module: this module enables natural language interaction with the XR

or robotic systems and performs speech-related tasks. It can get user speech from
a microphone to perform tasks, such as converting speech to text, sending text to
a LLM, and getting the response.
Currently, two different services, viz., whisper [57| and speech-to-text by Google [58|
are integrated for converting speech to text and can be used alternatively. The
module gets the text from the user’s speech and injects it into an LLM (LLM
prompting). So far, the LLMs integrated inside the architecture are chatGPT [59]
and google-flan-t5 [60]. The LLM is configured to get the responses in chunks to
speed up its real-time response.

e User Interface (UI) module: this module offers points of interaction to enable
integrated multi-modal Ul features. It allows manipulating the system’s graphical
interface, such as creating buttons, forms, and cards. Depending on the application
contention, it is required to choose the way to represent the UI and the type of
screen to use.

e Session module: this module provides functionality for handling different types
of sessions inside the system. One session type keeps track of the agent’s status.
An agent is a high-level functionality which uses one or more modules to perform
specific tasks. Through this session, it is possible to recognize system errors for
debugging. Another session type is a user session, which can track the user’s inter-
action with the system from start to end. For example, when the user approaches
the camera, the session starts to couple user interaction with the system until the
interaction ends. By using sessions, the system can manage multiple interactions
or agents simultaneously.

e XR module: this module handles XR environment settings. Currently, it is
possible to add, delete, or update markers. A marker is an object, picture, or
QR code to track static or dynamic objects in the user environment. Based on
the marker type, the user’s position in the environment can be recognized—for
instance.

Moreover, this module can provide information about the occlusion of a 3D object.
For example, given the user’s position and a 3D asset model, the module indicates
whether a physical obstacle blocks the 3D object.

By leveraging OpenAPI and AsyncAPI specifications, tools can i) generate code to ease
development and integration, ii) facilitate formal validation and generation of user inter-
faces, and iii) ease documentation. By using these standards, the level of abstraction is
high, making the modules implementation-agnostic in terms of programming languages.
Each module has its codebase and can be developed, deployed, and maintained indepen-

dently. In such a case, if a module fails, it may not affect the entire application.
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2.4 Outlook

The analysis conducted in this chapter has highlighted that social acceptance in XR
and robotic systems cannot be reduced to a single dimension. Instead, it emerges from
the interplay of requirements, both functional and non-functional, ensuring safety, trans-
parency, privacy, and sustainability, and from architectural choices, such as modularity,
scalability, and secure communication, which guarantee adaptability across heterogeneous
application scenarios. The two perspectives are complementary: while requirements de-
fine what a socially acceptable system should achieve, modular architectures provide the

means to achieve it in practice.

Nevertheless, meeting requirements and adopting a modular architecture alone is not
sufficient. Social acceptance ultimately depends on the interaction between the robot
and its users, who may differ in age, cultural background, experience with technology,
or emotional state. This observation calls for systems that are capable of recognizing,
classifying, and understanding users, so that interaction strategies and control parameters

can be adapted accordingly.

This motivates the transition to the next chapter, which focuses on user understand-
ing. By leveraging biosignals and behavioral data, it becomes possible to detect mental
workload, stress, and individual preferences. These capabilities provide robots with the
awareness necessary to tailor their behavior, thus bridging the gap between abstract
requirements for social acceptance and their concrete realization in human-centered in-

teraction.
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Chapter 3

User Understanding

One of the key pillars of social acceptance in robotics is the capability of a system to
understand its users. While the previous chapter has highlighted how definitions, require-
ments, and architectures contribute to building socially acceptable systems, these factors
alone may not be sufficient to guarantee a user-friendly interaction. Social acceptance
is not only a matter of functional compliance or technical reliability; it is also strongly
determined by how effectively the system perceives and adapts to the individual human
it interacts with. This capability is generally referred to as user understanding, en-
compassing the detection, modeling, and prediction of users’ cognitive states, emotional

conditions, intentions, and specific physical or social needs.

Indeed, robots capable of adapting their behavior to a user’s workload, stress level,
or physical limitations are more likely to be perceived as transparent, supportive, and
trustworthy. Conversely, systems that ignore the user’s state risk appearing rigid, unsafe,
or socially inadequate. In this sense, user understanding acts as a bridge between abstract
design principles of social acceptance, such as usability, perceived usefulness, and cultural

alignment, and their concrete realization in real-world applications.

High cognitive workload can reduce performance, increase error rates, and generate frus-
tration, while sustained stress can negatively affect trust and willingness to collaborate
with robots. On the other hand, adaptive systems that can sense and respond to the user’s
psychophysiological condition foster smoother collaboration, reduce discomfort, and
improve overall acceptance [61]. Therefore, designing systems capable of estimating cog-
nitive and emotional states in real time is essential for safe, efficient, and user-centered

interaction.

Among the different approaches to user understanding, biosignals [62]| offer objective
and reliable indicators of the user’s psychophysiological condition. Measurements such
as EEG, ECG, GSR, and facial expressions provide valuable information on workload,
stress, and emotional stimulation. In our preliminary work [14], EEG signals were first
investigated as a means to classify workload during human-robot collaboration. The re-
sults demonstrate that specific frequency bands, as well as derived index ratios, correlate
strongly with cognitive load during decision-making and attention-intensive activities.

These findings have established EEG-based metrics as valid indicators for online work-
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load estimation, providing a foundation for adaptive control strategies in collaborative

settings.

Despite growing interest in biosignal-based user modeling, one of the main limitations
in the field is the lack of publicly available, high-quality datasets collected in realistic
HRI scenarios. Without such resources, it is difficult for the community to compare al-
gorithms, validate models, and develop generalizable solutions. To fill this gap, we have
developed SenseCobot [13], a multimodal dataset specifically designed for collaborative
robotics contexts. The dataset includes synchronized EEG, ECG, GSR, facial expres-
sions, and task performance from 21 users engaged in progressive collaborative robot
(cobot) programming tasks, together with subjective workload evaluations obtained via
NASA Task Load Index (NASA-TLX). Building upon this dataset [13], we extended our
research with a multimodal stress evaluation [3|. Experimental results showed that
stress-related characteristics extracted from these modalities, for example, heart rate
variability parameters, GSR recovery time, or EEG Alpha asymmetry, correlate robustly
with subjective stress reports, confirming the importance of multimodal monitoring for

user modeling.

User understanding goes beyond psychophysiological monitoring: it also involves adapt-
ing physical interfaces and assistive functions to individual needs. For instance, in
collaborative robotics, we developed a low-cost 3D-printed electromagnetic gripper in [2],
that combines affordability and functionality, enabling secure grasping of objects of vary-
ing shapes and weights in shared workspaces. By lowering technological and economic
barriers, such devices make cobots more accessible and adaptable to user-specific require-
ments. Similarly, in assistive robotics, we designed a wearable stereo vision system for
visually impaired users in [4], enabling real-time obstacle detection and verbal guidance.
This project illustrates how tailoring systems perception and interaction strategies to
the specific needs of vulnerable users can improve autonomy, safety, and inclusivity,

which are fundamental aspects of social acceptance.

Taken together, these contributions demonstrate a multidimensional approach to
user understanding, ranging from biosignal-based estimation of cognitive and emotional
states, to the creation of multimodal datasets, to the design of adaptive physical interfaces
and assistive devices. By integrating these perspectives, robots can be equipped with the

capability to classify users and dynamically adapt their behavior.

The remainder of this chapter is organized as follows:

e Section 3.1 presents studies on biosignal-based estimation of mental workload and
stress, focusing on EEG analysis and multimodal classification;

e Section 3.2 describes adaptive and assistive technologies, including the electro-
magnetic gripper for collaborative tasks and the wearable stereo vision system for
visually impaired individuals;

e Section 3.3 summarizes the insights gained and discusses how user understanding
serves as a prerequisite for socially acceptable robot navigation, which will be the

focus of the next chapter.
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3.1 Cognitive and emotional state estimation via biosignals

A core element of user understanding is the estimation of cognitive and emotional states
through biosignals, which provide objective and continuous indicators of the user’s
psychophysiological condition. Compared to subjective self-reports, physiological signals
allow real-time monitoring and adaptation, enabling robots to dynamically adjust their

interaction strategies.

Stress is a complex physiological and psychological response that involves intricate inter-
actions between various hormonal, neurological, and behavioral factors [63]. So, to detect
stressing conditions with the utmost reliability and comprehensive detail, employing a
multimodal approach that incorporates metrics derived from various biological signals
is essential. According to [64] there are several involuntary responses induced by stress,
mediated by the autonomic nervous system that can create characteristic patterns in

some psycho-physiological signals, such as ECG, GSR, EEG, and facial expression.

As evidenced by the literature, ECG is a physiological measure that can be used to
evaluate stress [65]. The cardiac signal is characterized by peaks denoted with the letters
P, Q, R, S, and T [66]. R-peaks indicate ventricular depolarization of the heart and are the
most prominent: several analyses exploit the distribution of these peaks and the distances
between successive R peaks, also known as RR intervals (RRi). This parameter, which
shows an inverse correlation with stress, and its inverse, Heart Rate (HR), are the most
widely adopted and straightforward measure to estimate stress level [64]. HRV, another
ECG derived parameter, is the distribution of RR intervals [RRi, RRi+1,...| over a
given time interval, and reflects the activity of the sympathetic and vagal components of

the autonomic nervous system and is related to stress [67].

GSR, also known as ElectroDermal Activity (EDA) of the skin is another signal that
can be monitored in a simple and non-invasive way to evaluate stress [68]. It measures
the electrical conductance of the skin, which is affected by the activity of sweat glands,
activated during states of emotional arousal and anxiety, and found to be positively
correlated with stress. GSR signal can be decomposed into two main components: a
slower and non-specific tonic component due to the basic activity of the sweat glands
and a faster stress-specific phasic phase [69]. A stress-induced stimulus creates a peak
in the phasic component: significant features can be derived from this, such as rise
time [70], which is inversely proportional to stress, the amplitude of the peak [71] and

recovery time [70], as shown in Fig. 3.1.

Also, signals obtained from the electrical activity of the brain are useful for stress eval-
uation and stress monitoring. Brain signals obtained from EEG can be divided into
different frequency bands: Delta (0.5-4 Hz), Theta (4-8 Hz), Alpha (8-12 Hz), Beta (12-
30 Hz), and Gamma (>30 Hz). Each of these corresponds to different activity of the
brain |72, 73|. Stress can disrupt the balance of these brainwaves, often leading to an
overproduction of Beta [74] and Theta wave activity [14, 75] and a decrease in Alpha
waves [76]. The literature [77] suggests that the Alpha activity in EEG signals may be

reduced during stress conditions, while Beta activity may be increased: it follows that
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Figure 3.1: GSR Phasic stress peaks with some of the main metrics reported: the Rise Time,
that is the time interval between the beginning of the peak and its maximum point, the Recovery
Time, namely the time of descent from the peak and the height of the peak or Amplitude.

the g power ratio [78] is considered as a measure of cognitive load associated with the
arousal dimension and stress. Furthermore, EEG Alpha Asymmetry, which refers to the
difference in power or amplitude of EEG signals in the Alpha frequency band between
the two frontal lobe hemispheres, is a stress-related metric. In particular, an increase in
Alpha activity of the left frontal hemisphere respect to the right is positively associated

with stress [79].

Furthermore, studies [80] have shown that facial expressions can be used to detect
stress and anxiety levels: for example, the corrugator supercilii muscle, which is re-
sponsible for frowning, is activated during stress conditions, while the activity of the

zygomaticus major muscle, responsible of smiling, is decreased during stress conditions.

While objective parameters obtained from the analysis of physiological signals can pro-
vide analytical information, they may not capture the individual’s subjective experience
accurately: the two dimensions are complementary and cannot be separated from each
other. Individual assessment questionnaires are essential to capture this aspect.
The NASA-TLX [81] is a popular tool used to evaluate mental workload and stress: it is
a subjective, multidimensional assessment tool that rates perceived stress to assess the
effectiveness of a task, system, or team, as well as other aspects of performance. Other
questionnaires widely used for the evaluation of subjective stress and mental workload
are: the Workload Profile (WP) [82], the Subjective Workload Assessment Technique
(SWAT) [83], and others [84, 85, 86].

Recently, many works have been carried out, demonstrating the importance of stress
assessment in the field of collaborative robotics. The study of Mariscal et al. [87], mainly
focusing on pupil diameter, aimed to assess occupational risks in terms of mental stress
to determine whether a worker experiences greater stress when working in collaboration
with a cobot rather than with another person while performing the same production-line
process. The work of Zakeri et al. [88] discussed the assessment of the mental workload of
factory workers in an HRC environment, using EEG signals and subjective questionnaires.
In [89], the researchers evaluated stress experienced by cobot programmers, analyzing
EDA. Furthermore, the study of Pollak et al. [90] focused on the levels of psychological
(primary and secondary stress appraisal) and physiological (heart rate) stress in human

operators working in two different cobot modes (i.e., manual and autonomous). In a
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Figure 3.2: Niryo Ned robot.

recent study by Bussolan et al. [91], a method was used to assess stress levels and cognitive
load in operators engaged in collaborative robotics tasks, by analyzing cardiac, muscular

and skin activity.

3.1.1 Electroencephalography for workload estimation

The study presented in our preliminary work [14] represented an initial step toward
understanding how brain activity reflects cognitive workload during human-robot col-
laboration. Specifically, the contribution lies in a pilot study that compares two types of
biosignals, EEG and EDA, with the aim of measuring the workload of participants dur-
ing different types of tests, including a collaborative robotic experiment using the Niryo
Ned robot!, shown in Fig. 3.2. The EEG signals were recorded using the Neuroelectrics
Enobio20 Helmet?, illustrated in Fig. 3.3, and were processed with an automatic algo-
rithm that allows pre-processing operations (data removal, downsampling, rereference,
filter application, bad channels removal) and application of independent component anal-
ysis (ICA) algorithm for artifact removal. In particular, to facilitate the identification
of ocular artifacts, two Sticktrode electrodes were used for the acquisition of electroculo-
graphic (EOG) signals. EDA activity was recorded by means of a BITalino (R)Evolution
device, which is shown in Fig. 3.4, using a bipolar montage from the palmar sites of the
hand. In this way it is possible to evaluate the degree of accuracy of the indices found
in the literature for the assessment of mental fatigue during human-robot collaboration
tasks.

https://niryo.com/product/ned-education-research-cobot/
“https://www.neuroelectrics.com/solutions/enobio/20
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Figure 3.4: BlTalino (R)Evolution Kit.

Materials and methods

A total of three male university students (age = 22 £ 1 years old) were analyzed. Partic-
ipants provided written informed consent to participate in the study. The only exclusion
criterion relates to the fact that users were not to be subjected to diseases or drugs

affecting the nervous system.

Before starting the study, participants were instructed on the procedures and protocol
requirements during the different trials. All participants underwent a period of familiar-
ization with the equipment required for the test as they had no experience with robots.
The experimental room was calm and the light and temperature were continuously reg-
ulated.

Participants conducted four different types of experiments: (A) listening to music, (B)
watching a video, (C) performing human-robot collaborative assembly, and (D) solving
sudoku game. In the first test, the user had to remain relaxed with his eyes closed

listening to classical music with earphones, as shown in Fig. 3.5. In the second test,
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Figure 3.5: Experiment setup when subjects were listening to music.

the user had to remain relaxed while watching a video on a computer. The third test,
which consisted of a collaborative robotics experiment, was organized in three tasks (C.1,
C.2, C.3) of increasing difficulty. During these tests, the users had to assemble different
figures by using “Duplo” bricks, supplied to them in a dedicated unloading box located
inside the workstation through pick & place operations. Bricks were provided to the
user in sequential or random order, depending on the task, by the robot and a conveyor
equipped with a proximity sensor. In particular: regarding C.1, the user had to assemble
one figure, the blocks of which were passed to them in order of construction and could
see the photo of the figure at any time. About C.2, the user had to assemble two figures,
whose blocks were passed to them in order of construction and in random order, moreover
they could see the photo of the figures once only. Regarding C.3, the user had to assemble
three figures, whose blocks were passed in order of construction and in random order and
by means of a conveyor, moreover they could constantly see a drawing with different

types of figures inside.

The setup for this test is shown in Fig. 3.6. In particular, the six constructions, shown
in Fig. 3.7, were used during these tests, for a total of 44 pieces. In the fourth test, the
user had to stay focused on playing a Sudoku puzzle of medium difficulty with a time
limit. Between each experimental test (A, B, C, D) there was a pause of 3 minutes in
order to prepare the experimental setup for the following test. This did not apply to the

sub-tasks C.1, C.2, C.3 which were carried out in sequence.

Considering successive improvements due to pilot testing, the enrolled participants per-
formed the following tests: Subject 1 did A, C, D; Subject 2 executed A, B, C; Subject
3 performed C.

During all the tests the participants were subjected to the acquisition of the EDA activity.
At the end of the experiment, the participants had to fill in a questionnaire to collect
their personal evaluation regarding their state of relaxation and concentration during the

various tests.

The EEG data was evaluated using the Enobio20 device, a wireless electrode system,

using a referential montage. Particularly, EEG was recorded from 19 scalp locations,
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Figure 3.7: Figures to be assembled in the human-robot collaboration test.

according to the international 10-20 system: 17 EEG electrodes were Enobio NG Geltrode
using electrode gel and 2 EOG electrodes were Enobio Stricktrodes. With reference to
Fig. 3.8, the considered electrodes included frontal (Fz, F3, F4, F7, and F8), central (Cz,
C3, and C4), temporal (T3, T4, T5, and T6), parietal (Pz, P3 and P4) and occipital (O1
and O2) locations, and two EOG electrodes (EOG1 and EOG2). Data were collected
thorugh the software Neuroelectrics® Instrument Controller (NIC2)3, which allows a
computer to interact with Neuroelectrics devices. The electrodes placed in the mastoids
served as a reference while recording on NIC2. Moreover, a sampling rate of 500 Hz was

used.

MATLAB 2021.a with the EEGLAB 2021.1 toolbox were used for preprocessing and data
analysis. Raw signals were filtered using a 50 Hz notch filter and a 0.1-30 Hz band-pass
filter, while artifacts were corrected through ICA. The processed data were then grouped
into three frequency bands: Theta, Alpha, and Beta.

EDA signals were processed following the methodology in [92], using the Weka software

environment [93].

3h‘ctps ://www.neuroelectrics.com/solution/software-integrations/nic2
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Figure 3.8: Channel locations according to the international 10-20 system.

Table 3.1: Spectral powers for the different frequency bands.

Rhythm Power Cortical Area Channels

Theta variation Frontal e Temporal F7, F3, F4, F8, Fz, T7, T8
Absolute theta variation | Frontal Fz

Alpha variation Parietal e Occipital P7, P3, P4, P8, Pz, O1, O2
Absolute Alpha variation | Parietal Pz

Beta variation Frontal F7, F3, F4, F8, Fz

Statistical analysis

After carrying out ICA, which allows to separate and identify independent sources in
EEG data, the dataset was divided into epochs of 5 seconds, for a trade off between com-
putational burden and reliability of results. In each epoch the spectral powers (1V/Hz)
of the Alpha, Beta, Theta bands of the channels were calculated, considering the channels
reported in Table 3.1.

Moreover, we computed the state-of-the-art indices reported in Table 3.2 [94, 95, 96, 97],
founding that: i) Theta variation determines fatigue and mental workload; ii) Alpha
variation decreases with arithmetic tasks and increases with creative thinking; iii) Beta
variation refers to visual attention and short-term memory; iv) BAT determines involve-
ment in tasks and mental effort; v) TA refers to increased mental load; vi) TA ASS
provides the same measurement of TA, with the difference that it is obtained from the

ratio of two absolute measurements that are obtained from certain channels on the scalp.
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Table 3.2: Indices for comparison among frequency bands.

Indices Definition
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Figure 3.9: Spectral powers and synthetic indices for Subject 1 while listening to relaxing music

(A).

After data processing, plots of each recording were created for each subject. Fig. 3.9, 3.10
and 3.11 show spectral powers and synthetic indices for Subject 1 in the different phases
of the test (music, three collaborative tasks with the robot and Sudoku test). In addition,
minimum, average and maximum values of each parameter of interest (see Tables 3.1 and

3.2) were computed and reported in Fig. 3.13.

Finally, as regards EDA activity, Fig. 3.12 plots recordings of Subject 1. It is noteworthy
that an increase in the amplitude of the processed signal indicates an increase in stress
and cognitive load on the user. Hence, Fig. 3.12 shows that Subject 1, according to the
EDA activity, was more stressed during the tests at high workload (D, C.1, C.3) and less

concentrated while listening to music (A).

Comparing the results obtained from the comparison of the two biosignals with the replies
to questionnaire, it was possible to carry out an analysis of the indicators present in the
literature for the analysis of EEG signals: the green tag in Fig. 3.13 has been attributed
to the very good indices and the yellow tag to the sufficiently good indices. In particular,
it was found that: (a) MAX THETA represents a very very good index for mental
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Figure 3.10: Spectral powers and synthetic indices for Subject 1 while performing three tasks
of human-robot collaboration (C).

fatigue assessment. It is present when there is mental fatigue and high concentration
and cognitive load. (b) MAX ALPHA represents a very good index. It is present with
high values when subjects had closed eyes, otherwise high values were found during
creative thinking due to mental effort. (c) MAX BETA is a sufficiently good index.
It is related to visual awareness and is present when there is an increase in working
memory. There were discrepancies in all participants with respect to the questionnaires.
(d) MEAN THETA ASS is a very good index. It is related to the average concentration
of the tests. (e) MEAN ALPHA ASS is a very good index. It is present with high values
when subjects had closed eyes or during creative thinking due to mental effort. (f) MAX
BAT is a sufficiently good index. It is related to mental effort. It has a discrepancy in
Subject 2 as it should have a higher value in Task 2. (g) MAX TA is a very good index.
It is related to the high cognitive load. (h) MIN TA is a very good index. It is related to
low cognitive load. (i) MEAN TA ASS represents a sufficiently good index. It is related

to the average stress during the tests, but did not prove reliable in our tests

On the basis of the considerations set out above, as regards Subject 1, it is possible to
conclude that: (a) From the spectral power of the Theta rhythm, calculated in F7 - F3
- F4 - F8 - Fz - T7 - T8, it can be deduced that C.2 was by far the test that required
the least mental effort; (b) From the spectral power of the Alpha rhythm, calculated
in P7 - P3-P4-P8-Pz- 0O1- 02, it can be deduced that, during C.3 and D, an
increase in creative thinking was found, probably due to to a mental effort; (c) The
BAT index confirms a state of high concentration during D; (d) The TA index confirms
a high workload during C.1, C.3, D and a reduced workload during A as the user is

particularly relaxed. These results can be considered in agreement with those obtained
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Figure 3.11: Spectral powers and synthetic indices for Subject 1 while performing a Sudoku
test (D).

from the analysis of the electrodermal activity, where C.1, C.3, D were found to be the

experiments with greater amplitude value than the C.2, A.
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Figure 3.12: EDA activity for Subject 1.
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Mental Medium
i More i
fatigue i High task
and crn:—:at.we concentration difficulty
thinking

workload (ABSOLUTE)

THETA ALPHA BETA THETA ASS
sulecT 1 | max |mean | min | max | mean | min max | MeEan | min | max ] mean | min
TASK1 690 | 3.00 078 | 1.03 059 0.28 1.92 0.75 0.20 | 0.00 0.00 0.00
TASK2 171 103 049 | 161 065 022 | 044 0.19 012 | 4.06 1.94 0.67
TASK3 947 | 171 076 | 186 | 074 030 | 497 | oss 014 | 483 0.66
TASK123 947 175 049 | 1.86 069 022 4.97 050 012 | 4.83 1.74 0.00
MUSIC 601 | 1.81 077 | 1815 1156 6.33 0.33 0.26 019 | 4.66 2.09 0.80
SUDOKU 602 | 231 090 | 207 | 099 040 3.79 0.52  0.29 | 14.66 3.21 1.00
suBJEcT2 | max  [mEan | min | max | mean | min MAX MEaN | min | max MEAN MIN
TASK1 1.8242 1.131 0.522 | 1.3884 0.7634 0.386| 0.9196 | 0.4807 0.206 | 2.9883  1.3327 _ 0.587
TASK2 2.6496 | 1.433 0.712[2.5318 | 11048 0623 | 07421 03409 0.205 | 3.0356 [__1.7228 | 0.793
TASK3 14935 0913 0439 255 |1.1647 0564 13896 03797 019124004 13759  0.612
TASK123 | 2.6496 1.1 0.439| 255 1.0737 0.386| 1.3896  0.3874 0.191 [ 3.0356  1.466  0.587
MUSIC 19564 1.096 0.723| 28.7 11595 0263 | 1004  0.5157 0171 |3.2526 | _1.892 | 1.059
VIDEO 14855 0.871 0.592 | 2.0472 0962 0.422 | 0.6258  0.3213 0.186 | 2.8322  1.3636  0.826
SUBJECT3 | MAX [MEAN] miN | max | mEan | min MAX MEAN | MIN | MAX MEAN | MIN
TASK1 32023 | 1348 071 [ 3.3934 | 1.0153 0592| 0704 |0.3957 0.296 | 2.4398 | 1.3092 | o0.5s6
TASK2 0.9663_ 0.665 0.439 | 1.8075_ 0.6709 0.427 | 0.2845 _ 0.1792 0.113 | 1.5418 _ 0.8522 _ 0.406
TASK3 12.1753 ] 1.176 0.596 [ 6.6732 | 11503 0.516| 06696 | 034 0.164|11.518 [ 14691 | 0.477
TASK123 | 12.1753 1.075 0.439 | 6.6732 1.0117 0427 | 0704  0.3084 0.113 | 11.518 1.2928  0.406

Medium
creative Mental Higher Lower Brain Beat:
thinking effort Workload Workload Stress

(ABSOLUTE)

ALPHA ASS BAT TA TA ASS
sugect1 | max | mean | vin | max [mean]| min | max [mean ] min max | mean | min
TASK1 1.19 0.57 022 | 036 022 0.3 | 1039 | 515 115 0.00 0.00 0.00
TASK2 1.66 0.57 043 | 025 042 007 | 490 205 040 | 12.83 4.43 0.93
TASK3 155 0.62 019 | 086 025 004 | 2538 | 290 o070 | 17.36 4.21 0.94
TASK123 1.66 0.60 013 | 0.86 021 004 | 2538 306 040 | 17.36 3.53 0.00
MUSIC 2407  10.87 434 | 0.04 002 001 | 053 016 | 0.6 0.47 0.22 0.09
SUDOKU 2.57 0.93 027 | 113 | 017 o0o0s | 810 | 272 o083 | 1825 4.47 0.79
suBlecT2 | max | mean | min | max [mean | min | max  [mean]|  min max | wmean [ min
TASK1 1.3064  0.6118  0.288 | 0.415 0.256 0.142 | 2.5937 | 1.585 0.6013 | 4.617 | 2.4597 [ 0.751
TASK2 17578 | 08921 |0.347 | 0247 0.136 0077 21635 | 1.3a8 04177 | 65246 | 2.2677 | 0.703
TASK3 14037 06733 0.184[0.765]0.192 0.082| 1.7298 0.869 0.3501 |11.318 | 2.4055 | 0.9
TASK123 | 1.7578 07238  0.184 | 0.765 0.188 0.077 | 2.5937 1.137 0.3501 |11.318 2.3766  0.703
MUSIC 23.866  B8.6462 0,147 | 0.188 0.067 0.019| 4.523 |o0.491| 0.031 | 18314 15754  0.075
VIDEQ 2.2531  0.7548  0.409 | 0.298 0.183 0.094 | 1.9023 1.032 0.3595 | 4.667 | 2.1183 |0.371
suBlecT3 | max | wmean | min | max [mean | min | max [mean ] min MAX MEAN | MIN
TASK1 0.8507  0.4449  0.225 | 0.259 0.181 0.107 | 2.7498 | 1.438 0.8976 | 4.5749 | 3.1417 | 1.025
TASK2 0.936  0.4787  0.265|0.223 0.138 0.078 | 1.5557 1.059| 0.4713 | 3.3055 1.9576  0.758
TASK3 2.6105 [ 06165 | 0.192 [ 033 | 0.169 0.017| 2.0393 | 1.029 0.4857 | 8.4204 [ 2.6829 | 0.664
TASK123 | 2.6105 05572 0.192 | 0.33 0.163 0.017 | 2.7498 1.097 04713 |8.4294 2.5706  0.664

Figure 3.13: Minimum, mean and maximum value of spectral powers and synthetic indices for
each test participant, in each phase of the experimental procedure.
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3.1.2 Multimodal stress evaluation

In the era of Industry 4.0, the study of HRC in advancing modern manufacturing and
automation is paramount. An operator approaching a cobot may have feelings of dis-
trust, and experience discomfort and stress, especially during the early stages of training.
Human factors cannot be neglected: for efficient implementation, the complex psycho-

physiological state and responses of the operator must be taken into consideration.

The objective of our work in [3] was to evaluate how learning cobot programming and
engaging in the act of programming a cobot for the first time influence an individual’s
stress levels. For this purpose, this study used a learning platform defined in previous
work [98], which provides a safe and interactive environment to learn about the capabili-
ties and limitations of collaborative robots and helps users gain the skills and knowledge
needed. To assess the users’ stress while learning to program a robot, we recorded a
wide set of psycho-physiological signals to monitor their involuntary responses induced

by stress.

Materials and methods

The experiment consisted in training 21 participants (17 male and 4 female), between the
ages of 22 and 29 (M = 22.43 years, SD = 2.09), novice to cobot programming to perform
a pick-and-place task. The study comprises three distinct stages, outlined extensively as
follows: introduction to the learning materials, baseline measurement task, and hands-on

practice.

The educational framework has been meticulously designed to progressively furnish infor-
mation essential for each phase of the tasks, facilitating an accessible learning experience
for beginners in cobot programming. This incorporates informative slides, videos, and
audio components. While they were exposed to the training program, their physiological
activity was recorded and their subjective feedback was collected to assess the stress
induced by HRC and robot learning. The recorded data are available in the publicly
available dataset SenseCobot?, described in [13].

To simulate a real-world situation of a novice operator approaching a cobot, the only
inclusion criterion was the absence of any prior experience in cobot programming [13].
Participants, all management and mechatronic engineering students, were recruited vol-
untarily with online scheduling and were instructed to avoid substances like coffee, nico-
tine, and alcohol on the day of the experiment, as these could potentially affect brain
activity and stress-related physiological signals. Each participant filled in a consent form

in which they authorized the use of their data for scientific research purposes.

For this particular experiment, a cobot UR10e® equipped with a robotic gripper was

used, but the procedure applies to other models and usage scenarios.

A learning platform was organized according to the previous work presented in [98],

“https://doi.org/10.5281/zenodo. 8363762
Shttps://www.universal-robots.com/it/prodotti/urile/
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Figure 3.14: Experimental set-up. The participant (1), dressed with sensors in front of the
workbench, has the cobot on their right and the monitor with learning materials on their left.
On Top right (2), a detail of the workbench with the three points A, B, C and the rectangular
shape where to place the box.

which aims at making cobot programming as easy as possible for novices. This previous
work hypothesized that if unskilled workers were better informed about collaborative
robots’ functionalities and received systematic training, they could gain the ability to
independently program cobots in an effective way. The platform provides information
such as video, audio, and explanatory slides and guides learners through the different

skills required for robot programming.

The workstation was arranged as depicted in Fig. 3.14. The attendee stood in front of
a table, with a touchscreen monitor that had a webcam on the left side and the cobot
on the right side. Three reference points (A, B, and C) and a box layout, necessary for
the task, were marked on a cardboard on the table. The accessories necessary for task
execution, together with a manual switch necessary for activating the free-drive mode,
were placed within easy reach, to minimize operator’s movements and distractions. The
experiment was logically organized following a gradual progression of the complexity of
the tasks.

Different wearable devices were used to collect several physiological signals. The iMotions
software platform® was used, since it facilitates data synchronization and organization,

thanks to the integration of different communication protocols.

A Shimmer3 ECG” with a sampling rate of 512 Hz and equipped with five Ag/AgCl elec-
trodes was used to measure the ECG. Moreover, a Shimmer3 GSR® with a sampling rate
of 512 Hz was used to detect real-time GSR. For brain activity monitoring, an Enobio 20
EEG Helmet with 20 channel electrodes positioned according to the 10:20 standard [14],
organized in 17 EEG channels, 2 electrooculography (EOG) ocular electrodes, and a ref-
erence EXT channel, was used. The sampling rate of this device is 500 Hz. For recording
facial expressions, the iMotions AFFDEX integrated toolkit was used [99]. This module

is a convolutional and recurrent neural network trained for recording the 3D position

Shttps://imotions.com/
"https://shimmersensing.com/product/shimmer3-ecg-unit-2/
8https://shimmersensing.com/product/shimmer3-gsr-unit/
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Figure 3.15: Experimental protocol. Temporal succession of the phases of the experiment. As
can be seen in the figure, at the initial stage (learning materials), the participant performs the
4 tasks without constraints. Then, the participant is dressed with the sensors and performs the
Baseline (sensors set-up and baseline). Subsequently, the 4 previously performed tasks plus a
new one (Task 5) are repeated for the participant dressed with sensors, each interspersed with
a questionnaire. The experiment ends with a final complete NASA-TLX.

of the user’s head, detects the action units of the face, and recognizes the fundamental
emotions (joy, surprise, fear, disgust, anger), plus neutral, sentimentality, attention, and
confusion. AFFDEX measures accurately unfiltered and unbiased facial expressions of
emotion, using just a standard webcam. In addition to physiological signals, other assess-
ments were taken into consideration, such as time of task execution, number of errors,

and programming mode used.

A detailed description of the experiment can be found in the previous work [13]. The
experimental setup was structured to include the 4 macro-phases described hereafter,
and summarized in Fig. 3.15. The tasks are performed in succession, with a short break
between them necessary for the participant to complete the questions of the subjective

questionnaire.

1. Introduction to learning materials - This phase aimed to introduce the users
to cobot programming using dedicated learning material and assigning four basic
tasks to complete [13]. Participants were not bound by time constraints and were
allowed to refer to the instructions as needed, with no monitoring of errors. The
four tasks performed are the following:

e Task 1 = moving the robotic gripper of the cobot arm from point A to point
B;

e Task 2 = directing the cobot’s arm to reach three specified points (A, B, and
C);

e Task 3 = programming the cobot to reach an arbitrary height from point
A(A’) and then approach point A while maintaining its orientation perpen-
dicular to the working surface. After a short pause, the cobot was to ascend
back to point A’;

e Task 4 = programming the cobot to perform a pick-and-place operation in
which the user had to use the teach pendant to pick up a screw placed at point
A and move it to point B by activating the robotic gripper (see rectangular
shape in Fig. 3.14).
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2. Sensors setup and baseline - The primary purpose of the baseline was to objec-
tify and standardize the psycho-physical conditions for each participant, establish-
ing a reference point for comparing signals obtained during other tasks. This phase
involved recording the participant’s signals while they were positioned in front of
a stationary blue screen for three minutes, in the absence of sounds or other visual

stimuli.

3. Hands-on practice - Participants were assigned to perform five tasks, with the
first four being the same as those of the “Introduction to learning materials” phase,
plus one additional new task: Task 5. For Task 5, participants were tasked with
programming a cobot to manipulate a box initially positioned at a 45° angle rel-
ative to the surface, ensuring precise placement onto a predetermined location on
the plane. Following this, participants were required to guide the gripper robot
along a predefined path at a consistent speed, simulating a gluing operation. This
task encompassed all the previously acquired skills and presented a more intricate
challenge. These tasks were structured in a sequence of increasing complexity, as
shown in Fig. 3.15 to simulate the challenges one might encounter in a real work
environment. In all cases, users had the option of moving the cobot arm, via the
teach pendant, using either jogging mode or free-drive mode. Furthermore, no con-
straints have been defined for the user, to observe the possible number of reactions,
errors, and strategies without imposing bias. The effect of the user’s choice was
documented for the potential assessment of stress variation, errors, or variations in

psycho-physiological signals.

4. Questionnaire - After each task, participants were asked to fill a reduced version of
the NASA-TLX questionnaire, expressing their perceived level of stress concerning
only two categories: physical exertion and the overall effort. It is worthwhile noting
that the NASA-TLX questionnaire was formerly introduced to measure the overall
task load. However, in the proposed analysis it was used for stress evaluation, as in
previous works such as [91, 100, 101, 102]. The evaluation of the subjective stress
and mental workload was expressed using a 7-point Likert scale (1: “very low™; 7:
“very high”). If the sum of the scores of the two questions used was lower than 7,
the task was labeled as NO STRESS; otherwise, it was labeled as STRESS [13].

Processing and analysis of recorded data

A signal processing pipeline was implemented in Python to extract the features and
metrics that characterize stress. In particular, the Scipy library? was used for ECG signal
processing, Neurokit 2 library!? for GSR analysis, and MNE library!! for processing EEG.
Before the analysis of signals obtained and synchronized by iMotions, the timestamp was
converted into a suitable format, and null values, gross recording errors, or files unusable
for the study were eliminated. Due to recording errors, Participant 1’s Baseline signal

and Participant 10’s entire ECG recording were discarded.

“https://docs.scipy.org
YOhttps://neurokit2.readthedocs.io/en/legacy_docs/
"https://mne.tools/stable/index.html
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The time windows chosen for metric extraction were set to a 10 s, an interval deemed
sufficient to capture the slowest events (identified in this work as those from the GSR

signal, according also with the literature [103|) and obtain meaningful HRV analysis [104].

Regarding the ECG signal processing, the time intervals between consecutive R peaks,
known as RR intervals, and their derived measures are important parameters for stress

detection. The steps performed to obtain this metric are described below:

1. ECG data normalization: The ECG signal was normalized by considering the

10" and 90" percentiles to mitigate subjective variations [105];

2. ECG filtering: To remove noise and artifacts corrupting the recorded signal, a
band-pass filter with bandwidth from 10 Hz to 75 Hz was used [106];

3. R peaks finding: R peaks were detected using the “find peaks” function in the
SciPy library. To discard erroneously detected peaks, the procedure in [107] was
considered. Specifically, the fluctuations of the filtered ECG signal were smoothed
by applying a Moving Average technique, with a window set to 1000 samples,
and subsequently, a threshold, corresponding to one standard deviation above the

moving average, was determined [107];

4. RR intervals and HR calculation: RR intervals between successive heartbeats
were calculated by determining the differences between consecutive R-peaks. The
instantaneous HR could then be derived, resulting in the number of beats per
minute [108];

5. HRV metrics extraction: Some of the main metrics related to HRV, such as
PNN25, PNN50, root mean square of successive differences (RMSSD), and RR intervals
standard deviation (SDNN) were derived [109, 110, 111]). In particular, SDNN was
calculated as standard deviation of RR intervals, RMSSD as mean of the squared
differences between successive RR intervals in squared root. PNN25 and PNN50 were
obtained as the percentage of consecutive RR intervals differences that are greater

than 25 or 50 milliseconds respectively.

As a result, the ECG metrics used for subsequent analysis are RR Intervals expressed
in ms and HRV metrics PNN25, PNN50, RMSSD, and SDNN.

Regarding GSR. signal processing, the following steps were implemented, using the
Neurokit 2 library:

1. GSR filtering: To enhance the signal-to-noise ratio of the recorded GSR signal,
the nk.eda_process module was used. It consists in a two-step filtering process.
Firstly, the high-frequency noise is removed. Secondly, since the sensor is mounted

on the wrist during the execution of a dynamic task, motion artifacts are removed;

2. Tonic and phasic components extraction: tonic and phasic components of
the GSR signal were extracted by a dedicated data processing, designed according
to the model proposed by [112]. This was done by the Neurokit 2 nk.eda_process

module;
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3. GSR features extraction: Finally, parameter analysis and peak identification

were executed with the nk.eda_peaks module.

The GSR metrics used for subsequent analysis are Amplitude (amplitude of the peaks

in ©S), Rise Time and Recovery Time (each of these in ms).

Regarding EEG Signal Processing, the MNE Python library was used, as it provides
a wide range of modules for detailed EEG signal analysis. EEG processing was organized

in the following manner:

1. EEG signal pre-processing: Recorded data were pre-processed by discarding
the beginning and end of the recording signal (5 seconds) and downsampled from
500 Hz to 250 Hz. Channels related to EOG, necessary for detecting eye movement

artifacts but useless for analysis, were then discarded;

2. EEG filtering: A band-pass filter with low cut-off frequency of 1 Hz and high
cut-off frequency of 30 Hz was applied to remove noise and artifacts, according to

previous works [113];

3. Bad channels and artifacts removal: Channels that exhibit statistically de-
viant behavior compared to the other channels were identified as bad channels and
removed [114]. These channels exhibit very different behavior due to loss of elec-
trode contact or other artifacts. In our work, the selection of bad channels was
carried out with the kurtosis method of the MNE library. To carry out statisti-
cal comparisons, the following approach was considered: if the same channels were
identified as bad for at least four of the five subsequent tasks, including the baseline
task, they were removed. Subsequently, any movement-related artifacts, including
ocular artifacts, were removed using the ICA method [115] from the remaining

channels;

4. Band power analysis: The script used calculates band power by applying the
Welch method to compute Power Spectral Density (PSD) of the frequency bands
of interest (Theta, Alpha, and Beta) using the trapezoidal numerical integration

method for each 5-second interval in the selected channels [116];

5. EEG features extraction: The ratio between Beta and Alpha components within
the same channel was computed, together with the Asymmetry of Alpha between
electrodes placed in symmetrical areas of the head. As for the findings reported in
previous studies [117, 118, 119] regarding the Theta channel selection, the Power
Spectrum for the specified frontal and temporal channels, namely F7, F3, F4, F8,
Fz, T7, and T8, was averaged. Similarly, for the Alpha and Beta power spectra, the
channels P7, P3, P4, P8, Pz, O1, O2, and F7, F3, F4, F8, Fz were chosen, respec-
tively (see Table 3.1). The channels used in the evaluation of Alpha Asymmetry
are two frontal channels F3 and F4. Alpha Asymmetry was calculated according
to [80] as the subtraction of the alpha’s power («) natural logarithm of the left
hemisphere channel (P3) from that of the the right hemisphere (P4), as provided
by the following equation:

47



Alpha Asymmetry = In(aps) — In(ap4) (3.1)

Most research findings indicate that during times of stress, there tends to be increased al-
pha activity in the right frontal region compared to the left [120], resulting in a negative
value of alpha asymmetry. As a result, the EEG metrics used for subsequent anal-
ysis are Mean Alpha Power, Mean Beta Power, Mean Theta Power, Mean Beta/Alpha

Power Ratio and Alpha Asymmetry.

Lastly, we have performed the emotion processing. The raw AFFDEX module output
of the iMotions software is a time series of the selected emotions: anger, disgust, fear, joy,
sadness, and surprise. The algorithm implemented for analyzing emotions was structured

in the following way:

1. Data normalization: Each column of the raw output was normalized by dividing
the absolute value of each data point by the corresponding maximum value so that

the signals vary between 0 and 1;

2. Emotions features extraction: For each frame of registration the dominant

emotion recorded was selected, to have a time-dependent evolution of emotions.

Methodology for statistical analysis

The main objective of the statistical analysis was to evaluate whether a significant dif-
ference among the psycho-physiological parameters collected during task execution can

be observed if compared with the baseline.

To this end, the following research questions were considered:

Q1: Is the physiological response coherent with task complexity?
Q2: Is the physiological response strongly individual?

Q3: Are variations in the physiological response coherent with variations in the subjective

perceptions?

To answer the research questions, we considered the parametric t-test or non-parametric
Mann Whitney test, parametric ANOVA or non-parametric Kruskal Wallis test, and

parametric Tukey or non-parametric Dunn Post-hoc test, as illustrated in Fig. 3.16.

The tests used were all non-parametric, since the samples have different numbers of el-
ements, and the condition of normality was not verified for all the metrics of interest.
Moreover, the various tasks in the experimental protocol showed a progressively increas-
ing level of complexity and the same sequence was maintained for all participants. As
a result, statistical independence of the samples was not presumed for this experiment.
For all statistical tests carried out for analysis, two significance values («) of 0.05 and

0.01 were used.
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Figure 3.16: Succession of statistical tests performed for each metric extracted from each signal.
In blue, the statistical test accepts the null hypothesis: samples confronted are similar. In red,
the statistical test rejects the null hypothesis: samples confronted are different.

The statistical analysis is reported in detail below:

e Normality test: The data in each sample were tested using the D’Agostino and
Pearson normality test with a@ = 0.05, to determine if they follow a normal distri-
bution [121]. This test was selected because of its robustness and precision even on
modest-sized samples;

e Comparison of physiological parameters between tasks and baseline: Dur-
ing the execution of the five tasks, the signals of individual participants were sta-
tistically compared to their respective baseline (See Fig. 3.16). If the normality
of the data was confirmed, a parametric t-test was conducted, otherwise, a non-
parametric Mann-Whitney test with the same value was conducted instead [122].
The objective was to verify if the psycho-physiological parameters, as expected,
were different compared to the resting condition;

e Differences between tasks: In order to reply to research question Q1, the study
has to verify if the metrics extracted were different between tasks. If data were nor-
mally distributed, a parametric ANOVA test was used, otherwise, a non-parametric
Kruskal-Wallis test (See Fig. 3.16); each of these tests can be applied to samples
of a number greater than two [123];

e Dunn Post Hoc test with Bonferroni Correction: In order to reply to ques-
tion Q2, the stress response among individuals has to be investigated, for each task.
If the Kruskal-Wallis test yielded a rejection for a = 0.05, that is, the compared
samples are different, a subsequent parametric Tukey test or non-parametric Dunn
test was conducted to assess variations among individual pairs of tasks, distinguish-
ing those that exhibited differences from those that did not [124] (See Fig. 3.16);

e Comparison with Subjective Evaluations: In order to reply to research ques-
tion Q3, the outcomes of the statistical analysis with the subjective assessments
derived from the NASA-TLX questionnaire: this facilitated the harmonization of
quantifiable physiological data with the participant’s perspective. The objective
was to evaluate how many times a variation detected in statistical analysis corre-
sponds to a variation in subjective perception. This gives us information on the
percentage of agreement between the observed stress-related physiological param-

eter and the subjective perception.
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Figure 3.17: Schematic comparison between the statistical result obtained during the execution
of the Dunn’s Post Hoc test and the subjective responses from the NASA-TLX questionnaire.
In blue, samples confronted with the Dunn Statistical test are similar, and answers from NASA-
TLX are the same. In red, samples confronted with the Dunn Statistical test are different, as are
the answers from NASA-TLX. On the right, in NUMBER OF AGREEMENTS, TRUE,
represents the number of times in which a difference recorded by the statistical test corresponds
to a difference observed in the questionnaire answers, FALSE otherwise.
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Figure 3.18: Box plot of ECG RR Intervals for baseline and the different robot programming
tasks.

Statistical analysis was carried out using ad-hoc Python programs and Python standard

libraries such as Scipy!?, Scikit-Learn'? and Statsmodels!?.

Results

Table 3.3 reports mean and standard deviation values for RR interval, HRV, GSR, EEG,
and emotions metrics. In particular, regarding ECG analysis, data from two subjects
were discarded due to poor quality of recorded data [13], thus resulting in a total valid

sample size of 19 subjects.

Figure 3.18 reports the box plot of RR Intervals recorded for all 19 valid samples. More-
over, Table 3.4 summarizes the number of subjects for which a statistically significant
difference was observed for RR Intervals among baseline and the robot programming
tasks, while Table 3.5 reports the same type of results for PNN25, PNN50, RMSSD, and
SDNN. Specifically, the first set of rows reports the results of the Mann-Whitney test,

2https://docs.scipy.org
Bhttps://scikit-learn.org/stable/
Yphttps://www.statsmodels.org/stable/index. html
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Tasks ECG Mean Std EEG Mean Std GSR Mean Std
Metrics Metrics Metrics
Baseline 947.50 240.33 11.90 7.72 271.55 17.40
Task 1 799.62 | 222.71 14.70 5.65 243.99 | 23.50
Task 2 RR 831.03 253.39 Alpha 16.49 7.33 Rise 246.50 37.37
Task 3 intervals | 816.35 | 248.16 Power 17.07 8.02 Time 240.92 | 27.72
Task 4 826.06 | 269.43 15.75 8.24 268.64 | 27.70
Task 5 812.72 257.86 16.40 7.03 282.10 19.64
Baseline 83.56 10.13 21.89 11.34 323.34 38.92
Task 1 73.44 18.62 26.70 12.64 320.97 | 45.59
Task 2 74.95 17.24 27.97 10.42 Recover 312.92 46.27
Task 3 PNN25 75.24 | 17.29 || PP POVET | 9643 | 1017 Time 309.73 | 47.50
Task 4 73.61 17.86 31.14 14.42 336.06 | 47.76
Task 5 72.91 18.64 33.18 11.98 378.75 38.20
Baseline 77.53 13.21 35.92 30.61 7.19 20.4
Task 1 65.63 20.26 50.20 | 31.77 40.3 48.8
Task 2 67.22 18.67 Theta 55.70 | 35.68 X 85.1 159
Task 3 PANSO 68.12 | 19.75 Power 56.10 | 35.48 || MPHITME | g4 | 17
Task 4 66.16 19.85 47.58 31.44 24.4 26.6
Task 5 65.38 20.80 45.49 24.92 15.2 20.9
Baseline 37.35 17.14 2.58 1.78
Task 1 53.83 41.66 1.96 0.65
Task 2 SDNN 55.14 43.36 Beta/Alpha 1.98 0.82
Task 3 52.52 38.07 Ratio 1.84 0.83
Task 4 43.65 31.77 2.19 0.79
Task 5 44.91 28.41 2.31 0.76
Baseline 38.80 23.39 -0.11 0.37
Task 1 54.16 49.20 -0.15 0.38
Task 2 RMSSD 54.15 49.26 Alpha -0.16 0.40
Task 3 52.35 44.28 Asymmetry -0.16 0.37
Task 4 42.23 37.22 -0.24 0.47
Task 5 43.41 34.22 -0.04 0.34

Table 3.3: Mean (Mean) and standard deviation (Std) of all the considered metrics for baseline
and programming tasks. RR Intervals, SDNN, RMSSD, Rise Time and Recovery Time are in ms,

Alpha Power, Beta Power and Theta Power are in E—z, Amplitude is in uS.

which was used to investigate differences in the pairs consisting of baseline and each
robot programming task. As shown in Table 3.4, a statistically significant difference for
RR Intervals is observed for all the considered 19 test participants, such as to reject
the null hypothesis of similarity of sample distribution, while this number decreases in
Table 3.5 for HRV metrics. In summary, a significant difference compared to baseline
situation is observed for RR Intervals for all the considered subjects, while less average
variability between tasks and baseline is found for HRV metrics. This is confirmed by
Fig. 3.18 and Table 3.3. As shown in Fig. 3.18, net of some outliers, the baseline has
the greatest median value of RR Intervals, while RR Intervals during the program-
ming tasks are, on average, lower. This is indicative of an increase in the heart rate and
greater activation of the subject. Furthermore, it is observed that the mean values of RR
Intervals are lower in Task 1, Task 4, and Task 5; in particular, Task 5 seems to be
the one with a smaller range of values. Moreover, when excluding the baseline, the most
extensive range of values is observed in Task 1 and Task 2, suggesting a higher variability
in the participant’s responses, and, regarding the difference between the first and third

quartile, the greater distribution of RR. interval values is observed in Task 2 and Task 4.

To investigate further in detail the differences among the different tasks, we carried out
the non-parametric Kruskal-Wallis test (second set of rows in Table 3.4 and Table 3.5).
Indeed, this test is performed on more than two sample populations to determine if a

significant difference in data distribution exists. As demonstrated in Table 3.4, for all 19
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Test Conditions a=0.05 | «a=0.01
Task 1 - Baseline 19 19
Task 2 - Baseline 19 19
Mann-Whitney | Task 3 - Baseline 19 19
Task 4 - Baseline 19 19
Task 5 - Baseline 19 19
Kruskal-Wallis All Tasks [ 19 19
Task 1 - Task 2 9 9
Task 1 - Task 3 13 11
Task 1 - Task 4 16 15
Task 1 - Task 5 16 16
Task 2 - Task 3 11 10
Dunn Post-Hoc |1 ¢ 9 - Task 4 14 14
Task 2 - Task 5 13 11
Task 3 - Task 4 9 9
Task 3 - Task 5 13 11
Task 4 - Task 5 12 11

Table 3.4: Statistical tests for RR intervals. The columns on the right report the number of
test participants for which a statistically significant difference was observed among the different
conditions for o = 0.05 and a = 0.01. Rows in blue denote consecutive tests. Total sample size
= 19.

subjects in our study, a statistically significant difference is observed among the distri-
bution of RR Intervals collected during the five robot programming tasks, regardless of
baseline values. This number decreases for HRV related metrics, as shown in Table 3.5.
It appears that the distribution of raw RR Intervals shows a greater difference between
tasks, while HRV metrics show less variability. However, this test does not provide in-
sights about the differences within the tasks. To this end, we performed a Dunn Post-Hoc
test, to assess which pair of conditions exhibited a statistically significant difference. The
last set of rows (Dunn Post-Hoc) in Tables 3.4 and 3.5 reports, for all the possible pairs
of robot programming tasks, the number of subjects for which statistically significant dif-
ferences were found with this test. In the tables, we highlight in blue the pairs referred to
conditions administered in sequence. The results show that RR Intervals in such pairs
of consecutive tasks were more similar than when comparing tasks administered not in
succession: indeed, the tasks were designed with increasing complexity. This observation
is not always verified for HRV metrics (see Table 3.5).

Finally, we compared the distribution of RR intervals and HRV metrics with the results of
NASA-TLX subjective questionnaires, to assess whether they agree or not. In particular,
following Fig. 3.17, we computed how often the Dunn’s Post Hoc test for each metrics
and the replies to the NASA-TLX questionnaire detected a change in the stress level
(from “STRESS” to “NO-STRESS” and vice versa) or the same stress level between any
pair of tasks. Results are shown in Table 3.6, respectively, where we report the average
level of agreement between statistical tests and subjective questionnaire. These results
show how changes in the considered metrics were consistent with self-reported stress
levels. In particular, the table shows that HRV metrics exhibit greater agreement with

self-reported stress levels than RR Intervals.

The same procedure was carried out for GSR analysis of all the 21 test participants:
Mann-Whitney test for pairwise comparison between baseline and each robot program-
ming task, Kruskal-Wallis test among all the robot programming tasks and the Dunn

Post-Hoc test for multiple pairwise comparisons between all pairs of robot programming
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PNN25 PNN50 RMSSD SDNN
ol o = a = o = o = o = o = o = o =
Test Conditions 0.05 001 || 005 001 || 005 001 || 005 0.01
Task 1— Baseline 6 6 10 7 5 2 3 2
Task 2— Baseline 8 5 7 5 6 5 3 1
Mann- Whitney Task 3— Baseline 8 4 7 5 7 7 8 4
Task 4— Baseline 11 7 10 8 7 7 7 5
Task 5— Baseline 10 7 11 9 7 6 6 5
Kruskal-Wallis [ All Tasks [ 5 5 ][ 5 5 [ 4 4 J 6 6
Task 1— Task 2 2 2 1 1 0 0 2 2
Task 1— Task 3 2 2 3 3 0 0 2 2
Task 1— Task 4 2 2 1 1 0 0 2 2
Task 1- Task 5 3 3 4 4 1 1 3 3
Task 2— Task 3 1 1 3 3 2 2 3 3
DunnPost-Hoc Task 2— Task 4 1 1 1 1 0 0 1 1
Task 2— Task 5 1 1 0 0 0 0 2 2
Task 3— Task 4 1 1 1 1 0 0 1 1
Task 3— Task 5 1 1 2 2 0 0 3 3
Task 4— Task 5 0 0 1 1 0 0 3 3

Table 3.5: Statistical tests for PNN25, PNN50, RMSSD, and SDNN. The columns on the right report
the number of test participants for which a statistically significant difference was observed among
the different conditions for a = 0.05 and o = 0.01. Rows in blue denote consecutive tests. Total
sample size = 19.

crs Agreement %
Conditions

RR Intervals PNN25 PNN50 RMSSD SDNN

Task 1 - Task 2 47.37 78.95 84.21 84.21 89.47
Task 1 - Task 3 36.84 78.95 73.68 73.68 78.95
Task 1 - Task 4 31.58 63.16 57.89 57.89 63.16
Task 1 - Task 5 36.84 63.16 57.89 52.63 52.63
Task 2 - Task 3 52.63 84.21 73.68 68.42 73.68
Task 2 - Task 4 36.84 68.42 68.42 63.16 68.42
Task 2 - Task 5 47.37 52.63 57.89 52.63 68.42
Task 3 - Task 4 42.11 78.95 78.95 73.68 78.95
Task 3 - Task 5 57.89 63.16 57.89 63.16 63.16
Task 4 - Task 5 31.58 84.21 78.95 78.95 68.42
Average 42.11 71.58 68.95 66.84 70.53

Table 3.6: Agreement between RR Intervals, PNN25, PNN50, RMSSD, and SDNN with subjective
responses from NASA-TLX, when comparing tasks. Values are in percentage over 19 subjects.

tasks. The results are reported in Table 3.7, which shows that Amplitude is the metrics

with greater variability compared to the rest situation.

Finally, the percentage of agreement between the Dunn statistics tests performed on
Rise Time, Recovery Time, and Amplitude and the respective subjective questionnaires
are reported in Table 3.8. The Rise Time and Recovery Time metrics show the highest
percentage of agreement with subjective perception (NASA-TLX), on average above
70%. Conversely, poor agreement is found for Amplitude, although this is the metrics

exhibiting the greatest differences among the different experimental tasks and baseline.

Regarding EEG analysis, Table 3.9 summarizes the results of the statistical analyses re-
ported previously, namely the Mann-Whitney, Kruskal-Wallis and Dunn Post-Hoc tests.
The table shows that most differences were found between all the programming tasks
and the baseline condition for all the metrics, while Alpha Asymmetry was the metrics

that highlighted differences among the programming tasks for some subjects.

The comparisons of the brain parameters mean Alpha, Beta, and Theta Power spectrum,

Alpha Asymmetry, and mean Beta to Alpha ratio of the power spectrum and the re-

93



Rise Time Recovery Time Amplitude
Test Conditions a=0.05 | a«a=0.01 a=0.05 | «a=0.01 a=0.05 | a=0.01
Task 1 - Baseline 8 6 5 2 20 19
Task 2 - Baseline 11 10 5 4 19 19
Mann-Whitney | Task 3 - Baseline 11 7 7 4 19 19
Task 4 - Baseline 8 4 2 2 20 18
Task 5 - Baseline 10 6 5 2 19 19
Kruskal-Wallis All tasks [ 7 4 ][ 6 5 [ 2t 21
Task 1 - Task 2 7 3 1 1 12 12
Task 1 - Task 3 3 2 1 1 17 17
Task 1 - Task 4 5 4 1 1 16 14
Task 1 - Task 5 5 1 1 1 17 13
Task 2 - Task 3 1 1 2 1 18 17
Dunn Post-Hoe |1 G 9 - Task 4 5 4 2 2 16 16
Task 2 - Task 5 5 4 3 2 18 17
Task 3 - Task 4 4 4 1 0 16 14
Task 3 - Task 5 3 3 1 0 16 16
Task 4 - Task 5 1 1 1 1 12 10

Table 3.7: Statistical tests for GSR data. The columns on the right report the number of
test participants for which a statistically significant difference was observed among the different

conditions for &« = 0.05 and a = 0.01. Rows in blue denote consecutive tests. Total sample size
= 21.

Agreement %
Conditions Rise Time H Recovery Time H Amplitude

Task 1 - Task 2 71.43 76.19 42.86
Task 1 - Task 3 71.43 66.67 42.86
Task 1 - Task 4 57.14 57.14 61.90
Task 1 - Task 5 57.14 66.67 47.62
Task 2 - Task 3 80.95 80.95 28.57
Task 2 - Task 4 76.19 80.95 33.33
Task 2 - Task 5 80.95 71.43 38.10
Task 3 - Task 4 71.43 76.19 33.33
Task 3 - Task 5 71.43 71.43 42.86
Task 4 - Task 5 76.19 80.95 66.67

Average 71.43 72.86 43.81

Table 3.8: Agreement between GSR metrics and subjective responses from NASA-TLX, when
comparing tasks. Values are in percentage over 21 subjects.

sponses from the NASA-TLX questionnaires are reported in Table 3.10. The metrics
derived from the EEG are among the most precise in describing and predicting the indi-
vidual stress state, with accuracy percentages always above 50% and with Theta Power
Mean close to 80%.

Lastly, statistical tests were performed to evaluate emotional responses during the execu-
tion of tasks. The results of the statistical emotions analysis are reported in Table 3.11.
A multivariate analysis of variances (MANOVA) [125] was performed on the raw time
series on the emotions recorded during the tasks. Before using this test, the requirements
of normality of the data distribution and homomorphy of the covariance matrices were
verified. The MANOVA returned that there is a noticeable distinction between the tasks
for all 21 participants.

Following the use of the MANOVA test, for a more detailed statistical analysis of emotion
signals, a Chi-square test for consistency [126] was conducted to compare the distribution
of emotions for each participant in each task with their corresponding baseline. A Chi-
square test for consistency [126] was conducted on the emotion distributions across the

five tasks for each participant to determine whether there was a significant difference
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Mean Alpha Power Mean Beta Power Mean Theta Power
Test Conditions a=0.05 | aa=0.01 a=0.05 | a=0.01 a=0.05 | a=0.01
Task 1 - Baseline 10 10 7 6 6 5
Task 2 - Baseline 8 7 10 8 6 3
Mann- Whitney | Task 3 - Baseline 8 7 11 9 10 8
Task 4 - Baseline 13 12 16 15 11 11
Task 5 - Baseline 14 13 17 17 14 12
Kruskal-Wallis All tasks [ 12 1 [ 14 B 7 2
Task 1 - Task 2 1 0 2 1 0 0
Task 1 - Task 3 0 0 3 1 0 0
Task 1 - Task 4 4 2 3 2 1 1
Task 1 - Task 5 4 2 4 2 1 1
Task 2 - Task 3 1 0 2 2 0 0
Dunn Post-Hoc |1 4 9 - Task 4 2 1 3 2 0 0
Task 2 - Task 5 5 3 4 2 1 1
Task 3 - Task 4 0 0 3 2 0 0
Task 3 - Task 5 5 3 7 6 1 1
Task 4 - Task 5 4 2 4 4 1 0
Mean Beta/Alpha
Power Ratio Alpha Asymmetry
Test Conditions a=0.05 | a=0.01 a=0.05 | a=0.01

Task 1 - Baseline 8 6 8 7

Task 2 - Baseline 8 8 6 6

Mann-Whitney | Task 3 - Baseline 8 8 6 5

Task 4 - Baseline 15 12 11 10

Task 5 - Baseline 13 12 8 8

Kruskal- Wallis All tasks [ 10 0 [ 12 12

Task 1 - Task 2 2 1 3 3

Task 1 - Task 3 3 2 2 2

Task 1 - Task 4 5 4 8 7

Task 1 - Task 5 4 3 4 3

Task 2 - Task 3 3 3 4 4

Dunn Post-Hoe |1 G 9 - Task 4 5 4 9 8

Task 2 - Task 5 3 3 8 7

Task 3 - Task 4 1 0 7 7

Task 3 - Task 5 5 5 7 5

Task 4 - Task 5 3 2 9 8

Table 3.9: Statistical tests for EEG data. For each metrics, the columns on the right report the
number of test participants for which a statistically significant difference was observed among
the different conditions for & = 0.05 and o = 0.01. Rows in blue denote consecutive tests. Total
sample size = 21.

among them. Finally, a Bonferroni Post-Hoc test [127] was performed to evaluate those
pairs of tasks that showed more differences. As a last result, the results of the comparisons
with the NASA-TLX questionnaires are shown in Table 3.12.

Discussion

Figure 3.19 presents an overview of the metrics obtained from the analysis of psycho-
physiological signals and summarizes the agreement (in percentage) between subjective
response and quantitative metrics derived from physiological signals and estimated emo-
tions. The metrics were sorted from left to right following an increasing order of percent-
age of agreement between the metric and the subjective evaluation. So in the rightmost
part, there are the metrics that demonstrate a higher correlation with subjective evalu-

ations of stress from the NASA-TLX questionnaire.
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Agreement %
Conditions Mean Mean Mean Mean Beta/Alpha Alpha
Alpha Power Beta Power Theta Power Power Ratio Asymmetry

Task 1 - Task 2 89.47 82.35 80.00 78.57 75.00
Task 1 - Task 3 73.68 58.82 73.30 64.29 58.33
Task 1 - Task 4 63.16 70.59 66.70 64.29 58.33
Task 1 - Task 5 57.89 58.82 60.00 64.29 83.33
Task 2 - Task 3 73.68 70.59 80.00 57.14 58.33
Task 2 - Task 4 78.95 76.47 80.00 57.14 50.00
Task 2 - Task 5 57.89 52.94 80.00 50.00 50.00
Task 3 - Task 4 78.95 82.35 86.70 78.57 41.67
Task 3 - Task 5 57.89 52.94 73.30 57.14 66.67
Task 4 - Task 5 73.68 70.59 86.70 71.43 33.33
Average 70.53 67.65 76.67 64.29 57.50

Table 3.10: Agreement between EEG metrics and subjective responses from NASA-TLX, when
comparing tasks. Values are in percentage over 21 subjects.

Test Conditions a=0.05 | a=0.01

MANOVA All tasks 21 21
Task 1 - Baseline 16 11

Task 2 - Baseline 12 11

Chi square Task 3 - Baseline 11 9
Task 4 - Baseline 12 9

Task 5 - Baseline 14 13

Chi square with consistency All tasks H 1e 16
Task 1 - Task 2 17 17

Task 1 - Task 3 20 20

Task 1 - Task 4 21 21

Task 1 - Task 5 21 21

Bonferroni Task 2 - Task 3 7 7
Task 2 - Task 4 11 11

Task 2 - Task 5 14 11

Task 3 - Task 4 3 3

Task 3 - Task 5 5 5

Task 4 - Task 5 1 1

Table 3.11: Statistical tests for the analysis of emotional response. The columns on the right
report the number of test participants for which a statistically significant difference was observed
among the different conditions for & = 0.05 and @ = 0.01. Rows in blue denote consecutive tests.
Total sample size = 21.

The statistical examination of cardiac activity in terms of RR intervals and HRV metrics
suggests some interesting findings. From a statistical perspective, the raw RR Intervals
values sampled during task execution are notably and consistently lower than those
recorded during rest conditions or baseline situations for all participants (see Table 3.3
and the results of the Mann-Whitney test in Table 3.4). This stress-related parameter
decreases during task execution, suggesting a greater state of emotional arousal. Note
that, as defined in the research question Q2, cardiac parameters, as well as individual
perceptions, are highly variable between subjects (see Fig. 3.18). Furthermore, for all the
samples analyzed, a statistically significant variation in the RR distribution is observed
during different tasks (see Table 3.4), with the lowest values in Task 1, Task 4, and Task 5
(see Figure 3.18). The last two are the most complex tasks, while the first could represent
a certain anxiety in approaching the cobot (Fig. 3.18). These results are in agreement
with the research question Q1. In Table 3.4 the Dunn Post-Hoc test indicates lower
values in the comparison between Task 1 vs Task 2, Task 2 vs Task 3, Task 3 vs Task 4,
and Task 4 vs Task 5, all of which are consecutive tasks. This implies that the instances

where a statistically significant difference is observed in the RR Intervals parameter are
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Conditions Agreement %
Task 1 - Task 2 38.10
Task 1 - Task 3 33.33
Task 1 - Task 4 38.10
Task 1 - Task 5 42.86
Task 2 - Task 3 57.14
Task 2 - Task 4 47.62
Task 2 - Task 5 57.14
Task 3 - Task 4 66.67
Task 3 - Task 5 52.38
Task 4 - Task 5 80.95

Average 51.43

Table 3.12: Agreement between emotional response and subjective responses from NASA-TLX,
when comparing tasks. Values are in percentage over 21 subjects.

Agreement and Disagreement Percentage for Each Metric

100 A

801

60

Percentage

204

Hmm Agreement Percentage
B Disagreement Percentage

Metrics

Figure 3.19: Percentage of agreement between psycho-physiological metrics and subjective
questionnaire NASA-TLX.

fewer than those observed in non-consecutive tasks. The parameters appear to exhibit
similarity, demonstrating temporal inertia, where preceding events seem to influence

subsequent ones, irrespective of task complexity (Table 3.6).

In research, it is essential to assess the alignment between objective evaluations of stress-
related parameters and subjective perceptions. The comparison of results from the Dunn
test and NASA-TLX responses, specifically regarding RR Intervals distribution in the
given experimental setup, reveals an agreement of 47.5%. The limited correlation ob-
served between cardiac metrics and subjective perceptions appears to validate the con-
straints associated with relying solely on subjective assessments to describe stress [128].
Such assessments are heavily influenced by cultural and personal biases, as well as various

objective and subjective variables.

HRV metrics, which are widely used in the literature to assess stress states, show lower
differences than raw RR intervals between tasks and the baseline, as well as between
different tasks (see Table 3.5). The HRV metrics decrease also during tasks compared
with baseline, suggesting an higher stress level (see Table 3.3) . However, as illustrated
in Fig. 3.19, PNN25, PNN50, RMSSD, and SDNN demonstrate strong precision, consistently

aligning with subjective stress evaluations at a rate of 65% to 75%.
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From the statistical analysis of GSR derived metrics in Table 3.7, it is clear that Amplitude
is the parameter that shows more differences between the robot programming tasks and
the rest condition, unlike Rise Time and Recovery Time, which appear to be less prone
to variations compared when compared to a baseline scenario. Indeed, considering the
Kruskal-Wallis outcomes with o = 0.01, statistically significant differences were observed
in 4 out of 21 samples for Rise Time, 5 out of 21 for Recovery Time and 21 out of 21
for Amplitude. Again with reference to Table 3.7, the outcomes of the Dunn’s tests
performed on samples with significant Kruskal-Wallis test results appear to validate the
observations made in the ECG analysis: the metrics exhibit reduced variability through-
out the execution of consecutive tasks, as indicated by the lower incidence of significant
results in subsequent tests. Table 3.3 highlights that Recovery Time, a GSR metric
directly related to stress, shows a positive increase during the evolution of tasks, with
greater values on Task 4 and Task 5. Amplitude, shows greater values during task ex-
ecution, while Rise Time, a metric inversely related to stress, has values that tend to

be lower during activities compared to the baseline level.

Comparing the results obtained from the variation in parameters detected by the Dunn
Post Hoc test and the NASA-TLX responses, we observe agreement percentages of 71.43%
for Rise Time, 72.86% for Recovery Time, and 43.81% for Amplitude. As Fig. 3.19
shows, Rise Time and Recovery Time metrics stand out as excellent indicators for pre-

dicting and characterizing an individual’s perception of stress.

The comprehensive statistical analysis conducted using metrics derived from brain signals
proves to be some of the most accurate methods for evaluating perceived subjective stress
within the scope of this cobot programming study, with an agreement percentage for
Theta Power Mean, Mean Alpha Power, and Mean Beta Power respectively of 76.67%,
70.53%, and 67.65% (see Fig. 3.19). The trend and evolution of these metrics during the
evolution of the tasks are reported in Table 3.3. The results of the Mann-Whitney test
in Table 3.9 indicate that the derived EEG parameters show lower variability compared
with the baseline, in contrast to the cardiac parameter. Furthermore, as discussed in
research question Q2, there is variability in cerebral parameters across tasks, as evidenced
by Kruskal-Wallis tests. This suggests distinct mental demands associated with tasks
of varying complexity. The application of Dunn’s Post Hoc test to brain parameters
provides additional support for the hypothesis that there is a temporal dependence in
the biological signal between tasks. This is evidenced by the lower significance values

observed when comparing consecutive task.

Lastly, the capture of emotions in the dynamic setting of this project faced challenges
due to occlusions and registration loss. Precision is likely higher in static scenarios, where
the subject remains stationary in front of the camera, allowing for continuous recording.
The level of concordance between recorded emotions and subjective assessments from
NASA-TLX stands at 51.43% confirming research question Q3.
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3.2 Adaptive interfaces and assistive technologies

While biosignals provide a powerful means of estimating users’ cognitive and emotional
states, a comprehensive approach to user understanding also requires robots to adapt
their physical interfaces and assistive functionalities to heterogeneous user needs.
In this perspective, adaptive interfaces are conceived not only to facilitate fluent collab-
oration in shared workspaces, but also to extend robotic assistance to individuals with

specific impairments.

This section presents two representative examples: (i) a low-cost 3D-printed elec-
tromagnetic gripper specifically designed for collaborative tasks in Sec. 3.2.1, and (ii)
a wearable stereo vision-based obstacle detection system developed for visually
impaired users in Sec. 3.2.2. Both solutions contribute to enhancing social acceptance by
reducing economic and technological barriers, while ensuring inclusivity, usability, and

safety.

3.2.1 A low-cost 3D printed electromagnetic gripper for robotic arms

Robots and robotic manipulators were originally developed to supplement or replace hu-
mans in tasks involving dull, repetitive, dirty, dehumanizing, or dangerous work [129].
Generally, manipulators have different sorts of applications [130]. One of the common
procedures performed by manipulators is grasping, i.e., manipulating and holding ob-
jects with the end-effector. In order to perform such operations, each manipulator needs
a gripper mounted on its end-effector. Manipulation speed, object shape, weight and
other characteristics are important factors in selecting the gripper type. However, some
smart grippers are designed for general purposes and different object shapes. Secure
grasping requires not only contacting the objects, but also preventing potential slip and
damage while the objects are picked and placed. Robotic grippers face challenges in
competing with human workers in terms of flexibility. With the evolution of automation
in robot industries, grippers and grasping have become important topics in the robotic

research community.

Several studies have focused on specific types of grippers, including 3D printed grip-
pers [131, 132, 133, 134|. A review on robotic grippers and a comparison of various types
has been conducted in [135], revealing that, despite the extensive availability of grippers
in the market, many share similar features, with limited stroke and force being the main
limiting factors. The analysis suggests the need to develop new products with increased
versatility and reduced weight to meet the emerging requirements of robotic systems.
Although several open-source grippers have been proposed in the literature [136, 137],
many struggle with gripping small or irregularly shaped objects or present challenges

related to complexity and cost.

Conversely, some recent works have focused on specialized grippers. In [138], the
authors introduced an innovative miniature magnetic gripper designed for minimally
invasive surgery. This gripper, fabricated using 3D printing with photosensitive resin,

combines magnetic and elastic materials to enable precise open-close motion under an
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external magnetic field. Similarly, [139] presented a magnetic field-driven spherical grip-
per with adjustable stiffness, employing magnetorheological fluid and particle-jamming
mechanisms for improved adaptability and efficiency. While these designs demonstrate
significant innovation, they are not open source and involve intricate construction pro-

Cesses.

In [140], the authors described an electromagnetic gripper developed for industrial use
in foundries, designed for gripping and handling large metal objects and semi-finished
foundry products. It can generate extremely high attractive forces (150 N with a 0.1 mm
air gap) and includes a driver that can control the supplied current based on the load.
However, it is tailored for specific applications involving high currents (1800 mA), and
its size and weight are not reasonably compatible with a typical robotic arm. In [141],
the authors discussed a gripper using an electromagnet and a permanent magnet as
an actuator to grasp objects through a water-filled membrane. It can grasp objects of
any shape, compatible with the gripper’s size. The design is easily scalable, with two
different versions presented in the paper, and it does not require large currents or complex
control electronics. However, despite these features, modulating the gripping force may

be challenging, as it is proportional to the amount of water in the membrane.

Regarding cost-related aspects, several studies have proposed low-cost grippers for
various applications. A 3D-printed multi-purpose gripper is presented in [137]|, which
utilizes pneumatic actuators to control the device’s fingers. This gripper is capable of
grasping objects with varying shapes, sizes, stiffness, and surface areas, offering maximum
flexibility compared to other designs. It is also an open-source project with a cost of 33$.
Despite these advantages, the gripper features a complex mechanism composed of several
parts that must be 3D printed with specific settings to be airtight and operational, and
it is subject to wear and tear of its flexible components. In [142], the authors presented a
low-cost, open-source three-finger robotic gripper designed for research and educational
purposes. The 3D design model was developed and manufactured with a minimal number
of 3D-printed components and a commercially available servo actuator, with a total cost
of 400%. In [143], the authors proposed a cost-effective gripper intended for educational,
research, and industrial applications requiring precise and flexible manipulation. This
gripper is mounted on centimeter-scale, 3-degree-of-freedom (DOF) delta robots, made
using commercially available linear actuators and 3D-printed soft materials, with a total
cost of 300$. In [144], the authors proposed the DragonClaw gripper, a pneumatically
actuated, 3D-printable three-fingered dexterous gripper with integrated magnetic tactile
sensors. The gripper’s 2-DOF thumb design enables a variety of precision and power
grasps, providing excellent dexterity. Notably, this gripper includes seven magnetic-
based sensors to detect finger deformation and react to external disturbances during
tasks, with a cost of 5008.

Considering the existing literature, our work [2]| proposes the design of a light, open-
source, easy to build and low-cost gripper, able to operate without the need for high
currents. As a result, the proposed approach involves the development of a 3D printed
electromagnetic gripper, to be used in pick and place scenarios involving small, ir-

regularly shaped metal objects. This makes it a valuable tool with broad applicability
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in any experimental setting, either industrial and academic.

To validate the proposed prototype, three tests were conducted: i) to determine the
distance required for the electromagnetic gripper to successfully grasp a sample of fer-
romagnetic material with variable weight; ii) to assess the maximum weight the electro-
magnetic gripper can lift; iii) to assess the maximum weight the electromagnetic gripper
can lift for pick and place operations, considering the sample in the most disadvantageous
position. Subsequently, a thermal analysis of the gripper shell was performed to monitor

the internal temperature and assess the reliability of the proposed design solution.

It is worthwhile noting that in the literature there is no agreed way to assess the perfor-
mance of the above mention grippers. For instance, in [141], the authors presented the
object diameter versus the water filling rate of the elastic membrane. In other works,
such as [135], the authors compared stroke, force, weight, as well as a performance index
referred to as the C-factor. Regarding the domain of electromagnetic grippers, in [140],
the authors evaluated their gripper performance by showing various results, such as the
force behavior as a function of the current. In our work [2], since a fixed current due to
system design constraints is considered, the variation of the electromagnetic field over

time as part of the thermal analysis is used.

Preliminaries

To design the electromagnet, its physical model is derived by considering the electromag-

netic model of a linear coil and the principle of electromechanical energy conversion.

The magnetic circuit is considered as a linear magnetic structure, introducing some sim-
plifications as in [145]:

e the magnetic reluctance of iron is assumed to be negligible. This assumption is
justified by the significantly higher reluctance of the air gap. It simplifies the
calculations and it is acceptable since the magnetic permeability of iron is much
greater than that of the surrounding air;

e given their negligible influence, the effects of edges in magnetic structures were

neglected, thus considering an idealized case.

These assumptions allow to derive the minimum number of turns required, given the
geometrical characteristics of the electromagnet, the maximum current, the magnetic

attraction force and the maximum distance at which to exert it.

The magnetic field of a linear coil is directly proportional to the supplied current. The
electromagnet acts as a magnetomotive force generator, with series reluctances repre-
sented by the iron core and air gap, as shown in Fig. 3.20a. To this end, the reluctance
of the magnetic path in the ferromagnetic core is denoted by Reore and the magnetic
reluctance of the path in air is denoted by Ry It is possible to calculate the reluctance

of the magnetic path in each material as follows:

_ 4
Poftr A

j , j € {core, air} (3.2)
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Figure 3.20: Scheme of magnetic reluctance: where (a) represents the magnetic and electric
circuit analogy and (b) illustrates the electromagnet schematic.

where /; is the length of the average magnetic path through the j-th material, p, and p,
are the magnetic permeability of air and core, respectively, and A is the cross section of

the magnetic flux.

The work to move a mass corresponds to a change in the electromagnetic field’s stored
energy. The energy change equals the sum of the electrical circuit’s work and the me-

chanical system’s work [146]. In particular:

AWy, = e i dt — f. dz, (3.3)
where W, is the energy stored in the electromagnetic field, e is the induced electromotive
force and f, the external force acting on the object to be attracted, as shown in Fig. 3.20b.

The electromagnet design is based on the boundary condition where the object is at
the maximum distance from the electromagnet pole, representing the highest air gap
reluctance scenario, considering that reluctance is directly proportional to the average

magnetic path length.

Design and prototyping

The proposed electromagnetic gripper, shown in Fig. 3.21 consists of three parts: the
electromagnetic core, illustrated in Fig. 3.22a, a conductor wrapped around the
electromagnet, shown in Fig. 3.22a, and a plastic tool shell, shown in Fig. 3.22b, that
holds together the entire gripper. Specifically, an electromagnet characterized by a fer-

romagnetic core with a circular cross-section and a copper linear coil is considered.

The design of the tool shell has been conducted following some basic criteria, including:

1. the possibility of easily accessing the electronics, making any maintenance and

62



modification easier;

2. the use of easy to access fabrication technologies.

Additionally, the prototype is intended to be developed using 3D printing to reduce cost
and weight, facilitating its creation. The availability of the 3D printed prototype allows

easy adaptation to different types of robotic flanges.

To ensure the reproducibility of the gripper, the entire design is provided as open-source.

3D CAD files for constructing the shell, CAD drawings, assembly guide and video,

and cost report for building the proposed electromagnetic gripper can be found here:

https://doi.org/10.5281 /zenodo.10822858.

il -y

Figure 3.21: Proposed electromagnetic gripper.

(a) (b)

Figure 3.22: Electromagnetic gripper composed of: (a) a conductor wrapped around the elec-
tromagnetic core and (b) a plastic tool shell.
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To design the electromagnet, considering an electromagnet characterized by a ferromag-
netic core with a circular cross-section and a copper linear coil, it is necessary to choose

the robot on which it will be mounted.

Any manipulator robot has different specifications that will result in different design

constraints. In particular, the following design parameters need to be considered:

V=V (3.4a)
i < i, (3.4b)
<, (3.4c)

where ¢* and V* are current and voltage derived from the datasheet of the robot, and
(3.4c) expresses the relation between the electromagnet radius, r, and the robot’s flange

radius, r*.

Next, two design parameters need to be defined: the weight to be lifted, expressed with
f* and measured in N, and the target distance from the gripper at which the object
must be successfully grasped, denoted as x* and expressed in m. Thus, the following

parameters are defined:

f = f*7 (35&)
x =z, (3.5b)

where f denotes the magnetic force to be generated; while z is the maximum distance

at which such a force needs to be applied.

The area of the circular cross-section of the electromagnet, denoted as A, is calculated
as A = r?m, considering the electromagnet radius, r, as a design choice. The minimum
number of turns, denoted by A, required to generate such a force can be determined
using Eq. (3.6), as described in [145]:

A (3.6)

1

i
This determination is made with fixed parameters for the magnetic force f* and the
maximum distance z* as outlined in Eq. (3.5). Additionally, the cross-section A and the

magnet radius r are taken into account, along with i* as defined in Eq. (3.4Db).

Subsequently, it is necessary to calculate the size of the conductor to be wrapped around

the electromagnet. Specifically, its minimum diameter, d., can be determined as reported

in [147):
%:vﬂAWEM—R) (3.7)

where p7, . is the copper resistivity at the temperature T;,4,; A is air thermal conductiv-
ity coefficient; T},4, and T, are the maximum desired temperature and room temperature,

set as design parameters.

In order to guarantee that the current ¢ is lower than ¢*, considering the voltage V* in
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Table 3.13: UR10e robot specifications

Parameter Min | Typ | Max | Unit
Supply voltage in 24V mode | 23.5 | 24 | 24.8 | V
Supply voltage in 12V mode | 11.5 | 12 | 24.8 | V
Supply current (single pin) - |1000| 2000 | mA

Flange diameter 0.035 m

Eq. (3.4), a limit for the target resistance R can be defined

V*
R>—. (3.8)

,L'*

To check the value of the final current, the wire length ¢ needs to be calculated, consid-

ering the number N of turns obtained in Eq. (3.6) and the magnet radius 7:

=N - 2mr. (3.9)
Hence, the wire resistance R,, becomes

Ry = ps - ¥, (3.10)

where p; is the copper resistivity per unit of length.

If the wire resistance is below the target resistance value R, defined in Eq. (3.8), during
the manufacturing of the winding it will be possible to make more turns than the required
minimum number of turns. By means of this procedure the following inequality can be
satisfied:

< i, (3.11)

w
In the event of adjustments to various parameters, such as masses, distances, or the choice
of a different robot or electromagnet radius, modifications to the design should be simple.
For instance, altering masses or distances would require adjusting the design parameters
f* and x* and repeating the sizing process. Conversely, opting for an electromagnet core
with a larger radius would result in a reduction of the minimum number of turns N.
However, modifying the robot would be a bit more complex, as it would involve not only
changes to design constraints such as voltage V*, current ¢*, and flange radius r*, but
also appropriate changes to the tool shell to align the holes in the tool shell with those
in the robot flange.

In [2], we have chosen to design a electromagnetic gripper for the Universal Robots
UR10e [148], as a possible implementation. This choice was motivated by the robot’s
reputation for precision and versatility. The design constraints introduced by the UR10e
robot, in terms of electrical specifications and diameter of the robot’s flange, are reported

in Table 3.13. Considering these design constraints, the following design parameters are
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obtained:

Vi=24V, (3.12a)
=14, (3.12b)
r* =0.035 m, (3.12¢)

Next, the objective to lift approximately 200 g at a distance of 10££10% mm is considered.

The following parameters can thus be defined:

ff=2N, (3.13a)
z* =0.01 m. (3.13b)

The area of the circular cross-section of the electromagnet is calculated considering
r = 0.015 m as a design choice, obtaining A = 7.068 - 10~ m?2. The minimum number of
turns required to generate such a force was determined using Eq. (3.6), considering g =
471077 H/m. As aresult, a number of turns N approximately equal to 671 is obtained,
considering the requirements on payload express in Eq. (3.13) and the constraints for the
UR10 robot in Eq. (3.12).

Subsequently, it is necessary to calculate the size of the conductor to be wrapped around
the electromagnet, whose minimum diameter, d., can be determined as reported in
Eq. (3.7) considering the following values: pr,,,. = 0.0197 QmeQ [149]; A =15 06’% [146];
Trnaz = 55°C and T, = 20°C), set as design parameters.

In particular, d. = 0.248 mm is obtained. Considering a safety factor to increase the
minimum diameter by 20%, d. = 0.298 mm is obtained. Therefore, the commercial

diameter d. = 0.361 mm, corresponding to the commercial size 27 AW G, was chosen.

In order to guarantee that the current 7 is lower than ¢* = 1 A, considering the voltage
V*in Eq. (3.12), a limit for the target resistance R can be defined

*

R= V— > 24 Q. (3.14)

1

To check the value of the final current, the wire length ¢ needs to be calculated, consid-

ering the number NV equal to 671 and the magnet radius 7:

=N -2mr =63.24 m. (3.15)
Hence, the wire resistance R,, becomes

Ry, = ps- £ =10.68 (2, (3.16)

where p; is equal to 0.1689 €2/m [150].

As a result, the wire resistance is significantly below the target resistance value R in
Eq. (3.14). During the manufacturing of the winding, a number of turns N equal to 1650
was chosen, obtaining ¢ = 155.43 m and R,, = 26.25 (),
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in order to guarantee the use of a current slightly less than 1 A. Indeed:

y
= — =0.91 A. 3.17
i= (317

w

Regarding the circuit diagram, the gripper was connected to a power supply by setting

a voltage of 24 V' and a current of 1 A, while a relay was chosen for the control function.

Specifically, according to the design parameters described in Eq. (3.12), it is necessary
to choose a relay, driven at V* DC, supporting an operating current greater than the
nominal ¢*. This device is connected to a digital output pin of the robot controller,

through which it can be turned on and off.

The electrical configuration of the gripper thus results as in Fig. 3.23.

Robot
Power

Control
Supply Relay ;

Unit

|
A DO
24V /O
v oV
L]

AN ’

Gripper

Figure 3.23: Circuit diagram. The relay’s energising coil is connected to a digital output of
the robot controller, indicated by DO pinout. The secondary circuit is connected to the external
power supply and to the the gripper coil.

Regarding the tool shell, a shell of cylindrical shape, divided into two semi-cylindrical
pieces, was chosen. This design, shown in Fig. 3.24, allows easy access to the electronics
contained within. To connect the two half-shells, through-holes were provided on the
side surface of the cylinder, allowing the shell to be closed with four M2x15 screws. The
connection with the robot is made by a flange drilled opportunely to allow mounting of

the gripper using four screws (M6 in the case of the UR10e robot).

The end opposite to the tool holder flange is left open, providing an edge where the core
can be positioned. This approach minimizes material interference between the electro-
magnet and the object to be attracted, ensuring a firm grip while also facilitating airflow

through designated openings as shown in Fig. 3.24.

A through-hole was then made near the base of the shell to allow for the housing of the
connecting cable between the electronics of the gripper and the robot. Finally, several
cuts were made in radial and axial directions on the cylindrical shell of the gripper in
order to enhance removal of the heat generated by the passage of current in the coils of

the winding.

The design described so far is also functional for the 3D printing process, since the two
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half-shells can be arranged with the interface positioned on the printing bed. Notches

were also made for inserting screws when mounting the gripper to facilitate installation.

Having the 3D CAD files of the gripper available, adapting the gripper to different types
of robotic flanges is feasible, as it only requires matching the tool shell holes with the

robot flange holes.

As the material for the prototype, onyx was chosen, a composite consisting of nylon with
the addition of micro-carbon fibers, produced by Markforged. This material exhibits ex-
cellent mechanical properties, including high resistance and durability against chemicals
and heat. Specifically, the material is characterized by a yield strength of 40M Pa, a
strain at break of 25%, and a flexural strength of 71M Pa. A critical parameter for heat

resistance is the bending softening temperature, which is 145 °C in this case.

The prototype was printed using a Markforged X7 printer with a printing time of 28

hours.

Figure 3.24: Render view of the gripper shell, with key features: (1) Assembling through-
holes, (2) M2x15 assembling screws, (3) Mounting M6 screws and notches, (4) Shell flange, (5)
Through-hole for cables, and (6) Radial and axial cuts for thermal dissipation.

Test and characterization

To assess the performance of the proposed design, three types of tests have been car-
ried out through offline programming using the UR robot teach pendant: i) maximum
grasping distance; ii) maximum grasping mass; iii) pick and place test. Moreover, to
validate the capability of the electromagnetic gripper to handle objects with varying ge-
ometries, an additional test was performed using nine different objects. Notably, during
this test, the objects were handed to the robot without any predefined orientation. A

video demonstrating this test is available in the Zenodo repository.

Specifically, the teach pendant allows the robot to execute joint movements for free space

movements using the MoveJ command, perform linear movements with MoveL, activate
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and deactivate the gripper using the Set command and pause between operations with
the Wait command, or execute jogging movements. Additionally, to perform these tests,
it was necessary to use several tools such as an external power supply to provide 24 V'
voltage and 1 A current to the gripper, a relay for the control function, and a caliper to
accurately measure the distance between the gripper and the sample to be lifted, used
in the different tests.

e Maximum grasping distance: the purpose of this experiment was to deter-
mine the maximum distance at which the gripper could attract samples of different
masses. This parameter is crucial as it indicates the distance within which the
electromagnet can securely grasp objects of varying weights. Operationally: i) the
tool was positioned above the mass to be attracted using small vertical jogging
movements, with the electromagnet activated through the Set command; ii) Once
the piece was grasped by the tool, the distance between the table and the piece
was measured using a caliper.

Considering the design parameters expressed in Eq. (3.13), this type of test allowed
verifying the correct design of the electromagnetic gripper. In fact, it is possible to
lift a weight of 200 g at a distance of x = 9.18 mm, as shown in the Table 3.14.

e Maximum grasping mass: the aim of this experiment was to determine the
maximum mass that the robot can grasp. During the test, the robotic arm was
programmed to: i) position the gripper to pick up the sample with a MoveL com-
mand; ii) activate the electromagnet to grasp it with the Set command; iii) lift it
100 mm above the table and hold the position for 5 seconds using the Movel and
the Wait commands; iv) lower and release it through the MoveL and Set operations.
Specifically, for the execution of this test, a initial weight of 1000 g was used, and
the sample weight was increased by 100 g increments until reaching a maximum
weight limit of 1500 ¢g at a distance of x = 1.80 mm, as shown in the Table 3.14.
Each MoveL movement of the robot was performed at a speed of 250 mm/s.

A video demonstrating the maximum weight test with a 1500 g specimen and the
test failed with 1600 g is attached in the Zenodo repository.

e Pick and place test: in this test, the robotic arm was programmed to: i) po-
sition the gripper to pick up the sample with a MoveL command; ii) activate the
electromagnet to grasp it with a Set command; ii) lift the object with a MovelL
command; iv) move to the vertical of the predefined deposition point using a set
of MoveJ and Wait commands; v) lower itself to an appropriate height to deacti-
vate the gripper and deposit the picked object through MoveL and Set commands.
In performing the set of MoveJ and Wait commands, the robotic arm was pro-
grammed to manipulate the sample so that it was parallel to the ground plane for
5 seconds, to verify that it was able to hold the mass in the most disadvantageous
condition, as shown in Fig. 3.26. As reported in Table 3.14 the pick and place task
was successfully accomplished for specimens of mass up to 300 g, while it failed for
the 325 g specimen. During this test, a MoveJ speed of 60 °/s and a MoveL speed
of 250 mm/s were considered.

A video demonstrating the pick and place task with a 300 g specimen is attached

in the Zenodo repository.
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Figure 3.25: Test for the maximum grasping mass with sample of 1500 g.

Table 3.14: Experimental test results

Mass | Maximum attraction distance | Pick and place
200 g 9.18 mm Yes
225 g 7.52 mm Yes
250 g 5.96 mm Yes
275 g 4.77 mm Yes
300 g 4.25 mm Yes
325 g 3.39 mm No
1000 g 2.90 mm No
1100 g 2.80 mm No
1200 g 2.40 mm No
1300 g 2.15 mm No
1400 g 2.00 mm No
1500 g 1.80 mm No

Thermal analysis

While the device is in operation, the heat generated by conduction losses is transferred
by conduction across the iron core, and by convection through the air gap between the
coil and shell. A significant portion of the heat flowing through the air gap then reaches
the shell, from where it is discharged towards the external environment, as shown in
Fig. 3.27a. Such a process leads to an increase of the shell temperature, which could
compromise mechanical properties and make it more challenging to handle the gripper
with bare hands.

In order to assess the external surface temperature of the shell, two thermal analyses
were carried out by means of infrared thermography: one in the case of the gripper under
unloaded conditions (UC), and the other under loaded conditions (LC). A FLIR A-615
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Figure 3.26: Pick and place test with sample weighing 300 g. The robotic arm is programmed
to manipulate the sample parallel to the ground plane, ensuring a challenging condition for the
gripper to hold the mass.

thermal camera was used, characterised by a thermal sensitivity < 0.5°C' at 30°C', an
accuracy of +2%, a resolution of 640 x 480 pixel, a spectral range of 7.5 — 14 um and a

frame rate of 50 Hz.

Specifically, in the UC, measurements were conducted by holding the gripper at rest while
powered on; the camera was placed in front of the gripper, at a distance of 37 cm, with an
anti-reflective plate in the background to minimise noises from the nearby environment.
In the LC, the measurement setup was the same as in the LC, except for the presence of
a specimen, the measurement distance and the ambient temperature. The measurement
distance was set to 70 cm to include the specimen held by the electro-magnetic gripper.
The ambient temperature was 21.5°C". The same specimen shown in Fig. 3.26, with a

weight of 300 g, was used.
A schematic representation of the experimental setup is shown in Fig. 3.28.

The parameters for the thermographic analysis are listed in Table 3.15. The surface emis-
sivity of the shell of the gripper is set to that of the material used in 3D printing (onyx).
The solenoid emissivity should be the emissivity of the wire’s external insulation. Due to
the lack of information from the supplier, the insulation emissivity needs to be assumed.
Generally, insulation materials have an emissivity between 0.8 and 0.95; a conservative
estimate of 0.8 was assumed, since lower emissivity values imply higher surface temper-
atures. Furthermore, the analysis mainly focuses on the surface temperature of the shell
of the gripper, and the emissivity of the solenoid is used only to have an indication of the
AT with respect to the start of the experiment. The recording spanned 2 hours. In both
LC and UC measurements, a snapshot was taken every 5 minutes, except for the first
30 minutes. During this period one snapshot per second (1fps) was taken, in order to
better resolve the initial transient. Fig. 3.27b provides a schematic representation of the
different areas where temperature is measured. The shell mean temperature is evaluated

as the mean temperature of Box1. To properly assess only the shell temperature, it is
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Figure 3.27: The (a) simplified scheme of the radial heat transfer inside the gripper and the
(b) schematic representation of the Box1, Linel and spots defined for data recording.
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Figure 3.28: Experimental setup for the thermal analysis.

important that Box1 exclusively encompasses the shell material, without any interference
from other materials (such as screws) or with the longitudinal cut. Therefore, the Box1

was defined as a sampling box spanning a periodic angular sector of the gripper.

In order to obtain a qualitative measurement of the solenoid mean temperature, another
sampling line (Linel) is strategically placed within the central part of the slit. Finally,
two further probes were defined to record the temperature difference between the upper

and lower sides of the shell.

Fig. 3.29 presents a series of snapshots captured at different times in the UC measure-
ments. In the first snapshot the temperature distribution at the initial time (i.e., when
the power supply was switched on) is displayed. The second snapshot (¢ = 5 min) shows
how heat mostly spreads from the cuts; this is because the cuts oppose a smaller thermal
resistance with respect to the case. At ¢ = 20 min, the temperature distribution is more

uniform: the mean temperature in Box1 has increased by 10°C, while, according to the
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Table 3.15: Thermographic analysis parameters

Parameter UC Value | LC Value | Unit
Ambient temperature 23 21.5 °C
Solenoid emissivity 0.8 0.8 -
Shell emissivity 0.95 0.95 -
Supply voltage 24 24 \Y
Initial supply current 0.75 0.75 A
Measurement distance 0.37 0.7 m

average temperature in Linel, the mean winding temperature has increased by 48°C,
reaching a temperature of 72°C'. Going ahead, it is evident how the temperature distri-
bution always becomes more uniform in the central and upper side of the case, while the
lower side always remains colder. This distribution may be attributed to natural convec-
tion effects transporting warmer air (both internal and external to the shell) upwards,
and to the augmented heat transfer surface in the lower part of the gripper. After one
hour, the mean temperature in Box1 reaches 41°C', whereas the mean temperature on
Linel reaches 106°C'; this substantial difference is due to the convective heat transfer in
the internal air gap and cuts, complemented by conduction heat transfer across the iron
core. After two hours the temperature distribution looks qualitatively similar to that of
the preceding images, the mean temperatures of Box1 reaches 45°C, i.e., an increase of
4°C in one hour. Such values indicate that it would be still possible to safely handle the
gripper with bare hands. On the other hand, the estimated winding temperature reaches
114°C, for an increase of 8°C in one hour. At the end of the experiment, the gripper,
and in particular the shell, does not show signs of failure; hence the material is suitable

for long periods of continuous operation.

The evolution of temperature with time during the UC measurements, is shown in
Fig. 3.31a, in which the brown curve is the winding mean temperature (mean tem-
perature of Linel), the black curve is the shell mean temperature (mean temperature
of Box1) and the green and blue curves represent respectively the temperature of Spotl
and Spot2. To make the graph more readable, the solid lines are obtained by perform-
ing a regression with the recorded data (represented by the markers). According to the
plot, the thermal transient lasts about 60 minutes for the shell (black line), while for the
solenoid it lasts nearly 2 hours (red line). As Fig. 3.29 shows, the lower side of the shell
always exhibits a smaller temperature; indeed, in the plot, Spot2 (blue line) always re-
mains below the mean temperature. After 120 minutes, Spot2 is 6°C colder, while Spot1
(green line), which is located in the upper side, is 6°C hotter with respect to the shell
mean temperature. As already mentioned, the difference between the two points can be
ascribed to the effects of natural convection, which determines a higher heat transfer rate

in the lower part of the shell.

Interestingly, during the test, it was observed that, as the temperature increased, the

current decreased compared to the initial supply current values shown in Tab. 3.15. This
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Bx1 Max 23.7°C r Bx1 Max 26.7°C

Bx1 Max 45.6°C
Min 29.3°C
Avg 38.1°C

Figure 3.29: Thermal camera snapshots in the UC after: (a) 0 min; (b) 5 min; (c) 20 min;
(d) 40 min; (e) 60 min; (f) 120 min.

behaviour can be attributed to the change in electrical resistivity with temperature
p = po[l +a(T —Tp)] (3.18)

where p is the instantaneous electrical resistivity, pg is the reference electrical resistivity, o
is the temperature coefficient, T" represents the wire temperature and Tj the temperature

at which pg is evaluated.

For a linear coil, the magnetic field generated is directly proportional to the supplied
current [151]:
N

B 7

(3.19)

where B is the magnetic flux density, measured in Wb/m?; p is the magnetic permeability,
expressed in H/m; and /. is the length of the iron core covered by the coil, expressed in

m.

Considering that the only variable in Eq. (3.19) is the current intensity, the ratio between

the instantaneous magnetic field and initial magnetic field can be derived as

B ]
—_— = 3.20

where i and By are respectively the current and magnetic field intensity at time 0.
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Using the following formulation for the wire resistance

14
R=p— 3.21
P (3.21)
with A equal to the wire cross-section, then Eq. (3.20) can be rewritten as
B VA1l
= =" (3.22)
By pl i

Figure 3.31b depicts the trend with time of the magnetic field intensity variation for
i0=0.75A,V =24V, pg=1.71 x 1078 Qm and Ty = 24 °C (the mean temperature of
the wire at the beginning of the experiment). As for the temperature, the variation of the
magnetic field is faster in the first minutes and then slows down as time progresses, until
it stabilizes around its final value, that is around 72%. This implies that, in two hours,
the magnetic field intensity decreases by about 28% with respect to the initial state;
although this evaluation relies on a simplified set of equations, it can be an indication

about the performance variation of the gripper with the increase of temperature.

As already explained above, the first measurements were performed in unloaded condi-
tions, since any picked object would constitute an additional path for heat transfer, thus
reducing the thermal load of the gripper. To confirm this statement, a second thermal

analysis was carried out under LC.

Bx1 Max48.0°C
Min 29.9°C
Avg 39.8°C

Bx1 Max54.9°C
Min 32.8°C
Avg 44.6°C

45.3°C
32.8°C

Sp1
Sp2

Sp1
Sp2

51.3°C
35.6°C

Li1 Max 79.9 °C
Min 73.8°C
Avg 77.2°C

Li1 Max116.9°C
Min 103.6°C
Avg 113.9°C

(b)

Figure 3.30: Results of the thermal analysis comparison: (a) snapshot in LC case at t =
120 min, (b) snapshot in the UC case at ¢ = 120 min.

Figure 3.30 presents two snapshots captured at the same time, ¢t = 120 min, in the LC
and UC cases, respectively. The temperature distribution under steady-state conditions
shows some differences, particularly in the lower part of the electromagnetic gripper, as
shown in Fig. 3.30a, where a region with lower temperature is observed. This difference
is most likely due to conductive heat transfer with the load itself. Moreover, in the LC,
the temperature distribution near the upper edge of the ventilation slots appears more
uniform. This could be attributed to a reduced heat exchange between the solenoid and
the shell, in favor of conductive heat transfer between the solenoid and the load. It is
worth mentioning that the temperature values of the load in Fig. 3.30a are not to be
considered as true, since the image was processed with the emissivity of the shell, which

is different from the emissivity of the load material (steel); in addition, since the load
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cannot be approximated as a diffuse emitter, its recorded temperature values can change

with the measurement direction.
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Figure 3.31: Results of the thermal analysis comparison with and without load (LC and UC,
respectively): (a) temperature variation for Spotl, Spot2, Boxl and Linel, (b) magnetic field
intensity variation.

The evolution of temperature over time is shown in Fig. 3.31a, where the comparison is
based on the temperature variation rather than absolute temperature values, since the
ambient temperatures in the two experiments differ as shown in Tab. 3.15. In particu-
lar, Fig. 3.31a shows the temperature variation from the initial time for Spotl, Spot2,
Box1 (mean shell temperature) and Linel (mean winding temperature) in both cases,
highlighting that the load contributes to dissipating the heat generated in the solenoid,
resulting in a lower temperature increase when the load is present (LC measurements).
Although the absolute temperature values obtained from Linel may not be highly re-
liable as the measurement is performed through one axial cut and the emissivity was
assumed with a conservative value, the fact that the trend aligns with the other mea-
sured values further confirms that the load contributes to dissipating the generated heat.
Figure 3.31b presents the comparison of the magnetic field intensity. As expected, since
the winding temperature is lower in the LC, the resistivity variation is lower as deduced
from (3.18). Thus, after 120 min, the magnetic field intensity drop is 18%, instead of
28% resulting in the UC. This finding highlights that the more the grasped object dissi-
pates the heat generated in the winding, the less the magnetic field intensity decreases.

Therefore, possible improvements can be made by decreasing the contact resistance with
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the object and enhancing the thermal conductivity of the load and / or the heat transfer
surface to the ambient. Finally, the relative temperature difference between the UC and

LC measurements at the end of the experiment can be expressed as

AT =

(3.23)
where ATyc and ATy represent the difference between the first and last temperature
values measured in the UC and LC measurements, respectively; AT is 0.11 regarding the
Box1, 0.12 for the Spotl and Spot2, and 0.30 regarding the Linel. From this analysis,
it can be concluded that the thermally most critical condition is when the gripper is not
holding any object. Indeed, for all defined regions AT > 0 as the load dissipates part of

the heat generated in the solenoid, resulting in reduced thermal stress on the shell.

3.2.2 A wearable stereo vision-based obstacle detection system for vi-

sually impaired individuals

In everyday life, human eyes are the primary means of acquiring information from the
surrounding environment. According to the World Health Organization, 285 million
people worldwide have visual impairments, including 39 million who are blind [152].
Blind and visually impaired individuals, therefore, face daily challenges in navigating au-
tonomously in complex environments, such as urban or domestic settings. Traditionally,
blind individuals rely on white canes or guide dogs for navigation. White canes help
detect obstacles, while guide dogs assist the user in reaching their destination. However,
both solutions provide limited environmental details, making navigation in complex envi-
ronments a significant challenge. Indeed, tasks such as crossing streets, moving through
crowds, and recognizing objects in unfamiliar places can be risky due to the inability
to perceive depth, motion, and spatial relationships. These challenges affect personal
safety, independence, and overall quality of life, emphasizing the need for more advanced

assistive technologies.

Artificial intelligence (AI) and computer vision (CV) offer promising solutions by enabling
real-time interpretation of the environment. By combining image processing algorithms
with Al models, CV can accurately detect, recognize, and classify objects. These tech-
nologies have applications across various fields, such as healthcare [153], automotive [154]

and industrial automation [155], enhancing accessibility and increasing efficiency.

In robotics, CV plays a crucial role in enabling robots to perceive and understand their
surroundings, leading to advancements in tasks like autonomous navigation, object recog-
nition, and robotic assistance [156]. By integrating CV, robots become more intuitive,
responsive, and capable of executing complex tasks with enhanced precision. For exam-
ple, in [12], we proposed an architecture for user identification and social navigation in
mobile robotics. Their approach leverages CV algorithms for gesture and facial recog-
nition to identify users and facilitate navigation in social contexts. Similarly, in [157],
a YOLO-based model was introduced to enhance object detection for service robots,
improving their efficiency in navigating indoor environments. Beyond navigation, CV is

also useful in improving robotic manipulation and motion planning. In [158], the authors
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proposed a layered architecture that incorporates visual foundation models to enhance
task execution. Moreover, CV technologies can be integrated in HRC, as demonstrated
in our work [3], where the AFFDEX 2.0 module was employed to monitor real-time facial

expressions during such interactions.

In the context of accessibility, CV offers a significant opportunity for the development
of assistive systems for blind and visually impaired individuals, allowing the detection
and classification of obstacles in their environment. Current solutions implement diverse
approaches to enhance spatial perception. Alris [159] integrates high-resolution cameras
and natural language processing (NLP) to provide real-time audio scene descriptions,
achieving great performance in object recognition and text reading. SOMAVIP [160]
employs depth cameras and IoT frameworks to deliver semantic feedback in urban en-
vironments. RealSense-based systems [161], using stereo depth sensors such as R200
and RS410, enable efficient obstacle detection and path generation. YOLO-based sys-
tems [162] focus on light RGB object detection, ensuring high speed at the cost of depth
accuracy, while simpler configurations with ultrasonic sensors [163] prioritize cost effi-

ciency.

Despite these innovations, assistive technologies still face persistent challenges. Many
solutions rely on centralized processing or cloud infrastructures, introducing latency and
limiting usability in offline environments or areas with poor connectivity. Others provide
minimal or non-semantic feedback, reducing the user’s ability to gain a detailed aware-
ness of their surroundings. Another challenge is the integration of machine learning
models into embedded systems due to the inherent limitations of these devices. There-
fore, achieving a balance between advanced functionality, portability, cost efficiency, and

adaptability to dynamic and unstructured scenarios remains an open challenge.

In our work [4], we propose a wearable computer vision system, schematized in Fig. 3.32,
capable of detecting and classifying objects and obstacles while estimating and ver-
bally indicating their distance in real time, thus enhancing users’ autonomous mobil-
ity and safety. Specifically, the system employs a lightweight object detection model,
EfficientDet-Lite0, in conjunction with the Intel RealSense D415 RGB-D sensor, which
utilizes stereo vision technology. The system processes RGB and depth data in parallel
on a Raspberry Pi 4, delivering real-time semantic feedback without relying on cloud
infrastructure. In addition, portability and affordability enhance the system’s usability
for real-world deployment. By addressing challenges related to depth accuracy, real-
time feedback, and user-friendly experience, our work contributes to the development of
scalable, reliable, and accessible assistive technologies for individuals with visual impair-

ments.

Hardware and software components

This section introduces the components used in the development of the proposed system.
The hardware consists of the Intel RealSense D415 depth camera and the Raspberry Pi
4 single-board computer, which together provide real-time depth perception and compu-

tational capabilities.
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Figure 3.32: Hardware architecture layout of the proposed system.

The Intel RealSense D415 camera, shown in Fig. 3.32, is an advanced depth-sensing
device designed for precise 3D perception. It employs an active stereo vision system that
integrates two infrared sensors with an infrared projector, enabling the generation of high-
resolution depth maps in real time. Its RGB sensor further allows the acquisition of color
images synchronized with depth data, making it highly suitable for object recognition and
3D modeling applications. Complementing the camera, the Raspberry Pi 4, also depicted
in Fig. 3.32, is a powerful single-board computer designed for embedded applications,
featuring a compact size and a flexible design. It is well-suited for projects that require

a balance between functionality and low power consumption.

The software methodologies implemented in the proposed system are the stereo vision
technique for depth estimation and the EfficientDet-Lite0 algorithm for object detection
and classification. Particularly, stereo vision is the process of estimating the depth of
scene points based on their positional variation between two image sensors placed at a
known relative distance. In our work, stereo vision is employed to acquire depth data,
which is then used for obstacle detection. This process relies on identifying correspon-
dences between elements (objects or recognizable details) present in the input images.
When an object appears in both images, its position differs slightly between the two;
this difference, known as disparity, is used to compute the object’s distance from the
observation point. By iterating this operation for all identifiable points in both images,

a disparity map is generated [164].

Specifically, the stereo vision process consists of four main stages:

e Offline calibration: to obtain the intrinsic parameters of the two cameras (such
as focal length, image center, and lens distortion parameters) and the extrinsic
parameters (i.e., the relative position of the two cameras, referred to as the baseline,
and their relative rotation);

e Rectification: which removes lens distortions and reduces the correspondence search
from a two-dimensional to a one-dimensional operation, thus accelerating disparity

computation;
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e Stereo matching: which aims at identifying homologous points in the stereo image
pair;
e Triangulation: given the disparity map, baseline, and focal length, triangulation

determines the 3D position of the corresponding points in space.

On the other hand, object detection is a fundamental task that involves identifying
instances of objects within an image and classifying them into predefined categories.
Numerous high-speed algorithms have been developed for object detection. Currently,
object detection models can be divided into two main categories [165]: two-stage and
one-stage detectors. The first consists of models that break down the task into multiple
stages, following a coarse-to-fine approach. In contrast, the latter comprises models

designed to complete the detection process in a single step using a single neural network.

Particularly, in our work [4], to ensure the real-time performance of the proposed system
on a single-board computer, we adopt the EfficientDet-Lite0 model [166|. EfficientDet-
Lite0 is a lightweight and optimized one-stage detector model designed for devices with
limited resources and belongs to the EfficientDet family, which uses the EfficientNet

convolutional neural network (CNN) as its backbone [167].

Proposed architecture

As introduced above, our work proposes a CV system equipped with an object detection
model and stereo vision technology for depth estimation. The intended application sce-
nario is assistive technology for visually impaired or blind individuals, providing them

with audio feedback on obstacles in their surroundings.

The objective is to integrate these functionalities into a wearable platform and to lever-
age the combined information to detect and classify objects and obstacles in real time.
Specifically, we consider the term object to an identified element in the scene that could
potentially become an obstacle. In contrast, the term obstacle refers to any surface within
the captured scene that, even if not associated with a specific object, poses a risk because

its proximity falls below a critical distance threshold relative to the user.

The system was developed within a Python 3.7 virtual environment, utilizing key li-
braries such as NumPy [168], OpenCV [169], multiprocessing, TensorFlow [170], and

PyRealSense2 [171], the latter being necessary for camera integration.

As schematized in Fig. 3.33, the system consists of two main processing pipelines that
form its core:

e Obstacle detection process: by processing depth maps collected by the RGBD
stereo camera, the system identifies areas in the scene that are at a critical distance,
defined as below a certain threshold;

e Object classification process: utilizing the EfficientDet-Lite0 model, the sys-
tem detects objects in RGB frames and associates their position with that of the

obstacles to provide a combined visualization and communication.

The detailed execution flow of the proposed architecture is illustrated in Fig. 3.34.
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Figure 3.33: General overview of the image processing stages involved in the system, which
consists of two main processing pipelines: the obstacle detection process (green), and the object
detection process (blue).

Specifically, the process begins with a main execution thread, which launches three par-
allel processes to handle:

e data acquisition from the camera, defined as stream reader process;

e obstacle detection, defined as obstacle detection process;

e object detection, defined as object detection and pairing process.

Regarding the Stream Reader process, due to the computational demands of ob-
ject and obstacle detection, which represent the main bottlenecks in the pipeline, a
multiprocessing-based approach was adopted. This design choice, preferred over multi-
threading, enables parallel execution of independent processes, optimizing performance,
particularly in embedded environments. The stream reader process, shown in yellow in
Fig. 3.34, corresponds to Algorithm 1, which is highlighted in red within the yellow block.
This process is responsible for acquiring depth and RGB frames from the RealSense cam-
era. Specifically, it initializes a pipeline to capture frames, processes the incoming data,
and inserts the frames into two separate queues: the Depth queue for depth data and the
RGB queue for RGB data. The process runs continuously until a stopFvent is triggered,
as detailed in Algorithm 1.

The second parallel process, referred to as the obstacle detection process and shown
in green in Fig. 3.34, is responsible for real-time depth data processing and serves as
a consumer of the Depth queue. It retrieves frames from the queue and applies pre-
processing and contour extraction, followed by obstacle contours sorting and filtering.

Through these operations, the process identifies a set of detected obstacles computing
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Figure 3.34: Architecture execution flow diagram consisting of three parallel processes for han-
dling data acquisition from the camera (yellow), obstacle detection (green), and object detection
(blue).

their corresponding distances.

Regarding pre-processing and contour extraction, given an RGB frame (Fig. 3.35a), a
corresponding depth map can be derived, as illustrated in Fig. 3.35b. Considering a
depth map as a two-dimensional matrix of numerical values representing the distance of
projected points from the observation point, the pre-processing and contour extraction
process aims to identify, sort, and filter the contours of obstacles in an image. As outlined
in Algorithm 2, highlighted in red in Fig. 3.34 within the green block, the process begins
with the generation of a binary mask by applying a depth threshold between 400 mm
and 2500 mm (Fig. 3.35¢). The lower bound corresponds to the camera’s minimum
detection range, while the upper bound is empirically determined to define the region
where obstacles are considered potentially dangerous. Next, morphological operations
are applied to the mask to reduce noise and enhance image quality. Finally, contour

detection is performed, and only the n most significant obstacles (i.e., those with the
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Algorithm 1: Stream reader process

Require: Depth queue, RGB queue, stopEvent
Ensure: Frames inserted into the queues

1 begin

2 pipeline <— New pipeline;

3 config <~ New configuration;

4 pipelineWrapper <+ PipelineWrapper (pipeline);
5 Start(pipeline, config);

6 while — IsSet (stopEvent) do

7

8

9

frames < WaitForFrames(pipeline);
depthFrame, colorFrame < GetFrames(frames);
if depthFrame = NULL or colorFrame = NULL then

10 | continue;

11 depthImage < AsArray(GetData(depthFrame));

12 colorImage < AsArray(GetData(colorFrame));

13 if IsFull(Depth queue) then

14 L Get(Depth queue);

15 Put(Depth queue, depthImage);

16 if IsFull(RGB queue) then

17 | Get(RGB queue);

18 Put(RGB queue, colorImage);

19 | Stop(pipeline);

Algorithm 2: Pre-processing and contour extraction process

Require: Image frame, n
Ensure: n sorted and filtered contours by ContourArea
1 begin
maskObstacle < InRange(frame, 400, 2000);
closedMask <— MorphologyEx(maskObstacle, MORPHCLOSE, (7, 7));
contours < FindContours(closedMask, ...);
sortedContours < Sort(contours, key +— ContourArea, reverse);
filteredContours <— sortedContours|:n|;
return filteredContours;

N0 oA woN

largest contours) are retained. An example result is shown in Fig. 3.35d, where the

extracted contour is highlighted in green.

Regarding centroid computation, after detecting obstacles, their centroids are computed
using image moments to estimate their geometric centers. These centroids are then
stored for tracking purposes. In particular, to ensure temporal consistency across frames,
newly detected centroids are compared with previously identified obstacles following the

procedure outlined in Algorithm 3, highlighted in red in Fig. 3.34 within the green block.

The comparison is based on the following criteria:

e Proximity matching: obstacles detected within a threshold of 50 pixels across con-
secutive frames are considered the same object, and their attributes (e.g., position
and distance) are updated accordingly;

e Merging overlapping detections: if a newly detected centroid falls within an ex-
tended radius proportional to an existing obstacle’s area, it is merged with that
obstacle. Otherwise, it is registered as a new obstacle;

o Filtering transtent detections: only obstacles corresponding to newly detected cen-

troids are retained, while transient or noise-induced detections are discarded.

Specifically, the distance of each obstacle is calculated using the compute_ distance method

of the Obstacle class, as described in Algorithm 4. This method identifies the closest point
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Figure 3.35: Output of the different stages of the obstacle detection process in an outdoor
environment: (a) an RGB frame capturing a car; (b) the corresponding depth map; (c) the
generated binary mask; and (d) the output of Algorithm 2 and Algorithm 3, where the detected
contour is shown in green and the centroid in purple.

within the obstacle and stores the minimum distance as an internal attribute when the

obstacle is created or updated.

Furthermore, based on the centroid’s position, each obstacle is assigned a label indicating
its approximate location within the frame. The frame is divided into six regions, defined
by the combination of two vertical sections (top and bottom) and three horizontal sections
(left, center, and right). An example is shown in Fig. 3.35d, where the computed centroid
is highlighted in purple. This centroid computation approach enhances robustness by
ensuring that only persistent obstacles are tracked over time, reducing the impact of

spurious detections.

The last parallel process, referred to as the object detection and pairing process and
shown in blue in Fig. 3.34, analyzes RGB frames to identify and classify relevant objects
within a given context, such as cars, people, tables, or chairs. Subsequently, the process
will be responsible for providing an audible verbal feedback to indicate the presence of
the most dangerous obstacle for the user. In the proposed system, this process consists

of four key steps:

1. Model configuration: the object detection model is set up with the following
key parameters: i) Number of threads: optimized experimentally and set to 4 for
efficient execution; ii) Mazimum objects per frame: limited to 3 to ensure focused
detection; iii) Confidence threshold: a minimum confidence score required for an

object to be included in the results;

2. Frame pre-processing and object detection: before the RGB frame is pro-
cessed by the model, the pre-processing steps described in Algorithm 5 are per-

formed.

The pre-processing includes horizontal flipping to achieve a selfie-view, color space
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Algorithm 3: Update and create new obstacles

Require: List of previous obstacles: previousObstacles, detected center: detectedCenter,
frame, contours extracted form the frame

Ensure: Updated list of obstacles: obstacles

1 begin
2 found < False;
3 for o € previousObstacles do
4 if o.isNear(detectedCenter, 50) then
5 o.distance < o.calculateDistance(frame, contour);
6 o.center <— detectedCenter;
7 found « True;
8 break;
9 if o.isNear(detectedCenter, o.radius) then
10 o.area <+ o.area + ContourArea(contour);
11 o.updateRadius();
12 o.distance « o.calculateDistance(frame, contour);
13 found < True;
14 break;
15 if Not found then
16 obstacles. Append(new Obstacle(ContourArea(contour), detectedCenter, frame,
contour, useMinDistance=True));

Algorithm 4: Compute Distance from Depth Frame

Require: Depth frame depthFrame, contour contour
Ensure: Minimum valid distance or None

1 begin

2 mask < ZerosLike(depthFrame, uint8);

3 DrawContours(mask, [contour], -1, 255, FILLED);
4 distances < depthFrame[mask == 255];

5 validDistances < distances|distances > 0];

6 if length(validDistances) > 0 then

7 | return GetMin(validDistances);

else
| return None;

© ®
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Figure 3.36: Output of the image pre-processing and object detection algorithm in indoor
environment.

conversion from BGR to RGB, and resizing to dimensions suitable for the object
detection model. Finally, the preprocessed image is converted into a tensor repre-
sentation and passed to the object detector to obtain detection results. The output
is a structured data object containing a list of detected classes within the frame,
along with the dimensions and positions of the corresponding bounding boxes, as

shown in Fig. 3.36.

Algorithm 5: Image pre-processing and object detection

Require: color image from RGB Queue: colorImage, object detector: detector
Ensure: Detection result: detectionResult

1 begin

N o oh wN

image < Flip(colorImage);

rgblmage < ConvertColor(image, BGR2RGB);
resizedRgblmage < Resize(rgblmage, (640, 480));
inputTensor < CreateFromArray(resizedRgblmage);
detectionResult < Detect(detector, inputTensor);
return detectionResult

3. Distance estimation and pairing: the final step in the object detection and

pairing process associates detected objects with obstacles and determines their
respective distances from the user. This step takes as input the list of obstacles

received through the Obstacle queue, as illustrated in Fig. 3.34.

Next, the association between detected objects and obstacles is determined using
the procedure described in Algorithm 6. Specifically, an object is considered a
match with an obstacle if their centers are within 100 pixels of each other. If a match
is found, the object’s bounding box, class, and distance are announced verbally and
optionally displayed on the screen, as shown in Fig. 3.37. If no match is found,

only the presence of the obstacle and its estimated distance are communicated.

This real-time pairing of detected objects with obstacle distances enhances spatial

awareness, ensuring accurate and meaningful feedback for the user.

. Verbal output feedback: lastly, once the most dangerous obstacle for the user

has been detected, the proposed system provides verbal acoustic feedback to signal
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Figure 3.37: Output of the detected objects and obstacle matching algorithm in outdoor envi-
ronment.

Algorithm 6: Detected objects and obstacle matching

Require: List of obstacles: obstaclesList, object center: center, frame
Ensure: Frame with distance information
1 begin
matched < False;
for obstacle € obstaclesList do
distance « GetDistance(obstacle);
if distance # None and obstacle.isNear(center, 100)
DisplayBoundingBoxAndInfo(frame, obstacle);
AnnounceObjectInfo(obstacle);
matched < True;
8 break;

SNV V)

N o

9 | if not matched AnnounceObstaclePresence(distance);

its presence, as illustrated by the gray block within the blue block in Fig. 3.34.
Specifically, the system announces the obstacle’s position, corresponding to the
centroid’s label, along with its distance from the user. If the detected obstacle is a
classified object, the system also specifies its category. Examples of output phrases

are: “Car, bottom-left, 2.56 meters” or “ Obstacle, bottom-right, 1.2 meters”.

To avoid excessive audio messages that could be distracting in dynamic environ-
ments, obstacle notifications are issued at fixed, configurable intervals ¢ rather than
immediately after each detection. This approach filters out transient obstacles while
ensuring timely alerts, as ¢ is chosen to remain within safety limits given by the

system’s maximum obstacle detection time of 0.4498 s (Tab. 3.16).

Experimental validation

To experimentally validate the proposed architecture (Fig. 3.32), we conducted a perfor-
mance test to evaluate the system’s obstacle and object detection times, demonstrating
that its performance meets the required specifications. This was followed by a pilot user
study with subjects without visual impairments to assess the overall feasibility of the

proposed system.

In the performance test, the system was tested for five consecutive minutes in an indoor
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Statistics Obstacle Detection [s] Object Detection [s]

Mean 0.1363 2.4574
Variance 0.0024 0.6317
Standard deviation 0.0488 0.7948
Minimum 0.0495 0.5549
Maximum 0.4498 3.6320

Table 3.16: Performance of the system for obstacle and object detection.

environment, during which it detected various obstacles and objects. During execution,
the processing times for each obstacle and object detection cycle were recorded in a log
file and expressed in seconds. In total, data were collected from 844 cycles in which at
least one obstacle was detected and 52 cycles in which at least one object was detected,

yielding the results presented in Tab. 3.16.

From Table 3.16, the ratio of the average object detection time to the average obstacle
detection time indicates that obstacle detection is, on average, approximately 18 times
faster than object detection, achieving an execution rate of approximately 7 frames per

second.

Considering the performance test results, the system meets the required specifications
if the arbitrary audio feedback interval ¢ is at least equal to the maximum obstacle
detection time. In this case, the system ensures that obstacles are detected and reported
in a timely manner. For instance, if ¢ = 10 s, the user receives auditory feedback every
10 s, and the values in Table 3.16 confirm that, even in the worst case, obstacles can be
reported within a maximum delay of approximately 0.45 s. On the other hand, object
detection, which includes classification, can take up to 3.63 s, but this remains within an

acceptable range depending on the application’s requirements.

Regarding the pilot user study, the study was conducted in a domestic environment
filled with various objects. During testing, the camera was attached to the shirt worn by
the user. The study showed that the system is suitable for real-world scenarios. Moreover,
participants emphasized the need for improvements in the auditory cues provided by
the system and suggested integrating haptic feedback via a smartphone to enhance user
experience. Additionally, the user study revealed the need for stably attaching the camera
to the shirt to prevent movement-related issues, which could cause errors and delays in
obstacle detection. Ensuring a secure attachment would improve both the accuracy and

reliability of the system, making it more effective in dynamic environments.
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3.3 Outlook

The analyses presented in this chapter highlight how user understanding constitutes a
fundamental building block of socially acceptable interaction. Among the different stud-
ies discussed, only the EEG-based experiment introduced in [14] must be regarded as a
preliminary work. This investigation focused exclusively on brain activity and involved
a limited number of participants, serving mainly as a methodological validation. Never-
theless, it demonstrated the feasibility of using EEG spectral features, particularly the
Theta, Alpha, and Beta bands, as indicators of mental workload and engagement dur-
ing collaborative assembly. Although preliminary, this study validated the experimental
protocol, the signal-processing pipeline, and the indices that were later adopted in the

extended multimodal framework.

Building upon this foundation, subsequent works refined the approach by integrating
multiple physiological signals to obtain a more comprehensive and objective estimation
of the operator’s psychophysiological condition. In particular, the multimodal studies
combined EEG, ECG, and GSR with subjective workload assessments (NASA-TLX)
during first-time collaborative robot programming. This approach enabled a quantitative
correlation between the physiological parameters and the perceived stress and effort,

showing strong agreement levels between objective and subjective indicators.

At the same time, a complementary research effort focused on developing and validating
a low-cost 3D-printed electromagnetic gripper. Conceived as an adaptive and accessible
robotic interface, it was designed to facilitate safe and intuitive collaboration in shared
workspaces. Its open-source nature and ease of fabrication make it suitable for educa-
tional, research, and assistive contexts, lowering both economic and technological barriers
to human-robot interaction. Beyond its functional role in performing reliable pick-and-
place operations with ferromagnetic parts, the gripper exemplifies how adaptive physical

interfaces can enhance social acceptance by promoting inclusivity, usability, and safety.

In parallel, the work presented in [4] explored assistive perception for visually impaired
users, proposing a wearable stereo vision—based system for obstacle detection and clas-
sification. The device interprets spatial information from the surrounding environment
and delivers audio feedback to notify the user of obstacle type and position in real time.
By translating visual data into intuitive auditory cues, the system enhances situational
awareness and autonomy in everyday navigation tasks. This research exemplifies how
adaptive sensing and multimodal feedback can extend robotic perception to assistive

domains, fostering inclusivity and accessibility in human—technology interaction.

Together, these contributions demonstrate that user understanding should be treated as
an integrated capability of the robot, rather than a separate sensing module. By combin-
ing physiological, perceptual, and behavioral information, the robot can adapt its actions
in real time, modulating speed, trajectory, or autonomy according to the user’s state.
This ability forms the conceptual bridge to the next chapter, where user understanding is
extended to social navigation, enabling mobile robots to regulate interpersonal distance

and motion dynamics in a socially acceptable way.
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Chapter 4

Social Navigation

In recent years, several service robots have been developed for various practical applica-
tions, defining a novel approach to navigation called social navigation [172|. A socially
navigating robot acts and interacts with humans or other robots, achieving its navigation
goals while modifying its behavior so the experience of agents around the robot is not

degraded or is even enhanced.

Notably, reception and robotic guidance have emerged as particularly popular services,
where robots are gradually replacing human personnel in assisting customers. In these
scenarios, a mobile robot autonomously navigates the environment to guide a person to
a specific location, facing the challenge of planning and completing a collision-free path
through obstacles in the environment [173]|. In particular, social navigation denotes the
capability of a mobile robot to move in human-shared environments by not only avoid-
ing physical collisions, but also complying with social norms and expectations. These

conditions pose different challenges.

First, safety is a primary concern, since the robot must plan and execute a collision-free
path, and reduce its speed in proximity of humans [10, 11, 173]. Another aspect to
consider is the robot’s behavior in deadlock situations [174]. In intersections or narrow
doorways, the robot can either take the initiative to go first or proactively propose a
solution by, for example, making a gesture, emitting a signal to allow others to pass first.
Additionally, the robot may need to follow a person [175] or be followed, to guide them
to a target destination [12]. In this case, the robot should keep the user within its field
of view, reduce its speed if the human is slowing down or stop if the person is no longer
following. Furthermore, there might be the need for the robot to recognize the person
it is interacting with (or following or guiding) and adjust its behavior to accommodate
individual preferences. Additionally, in social environments where robots and people
coexist and robots move according to human needs, space-time constraints might be
relevant to ensure that the robot can efficiently and safely manage its activities, especially
in dynamic and crowded environments shared with people. Temporal constraints can
take various forms, such as time limits to complete a specific task, time intervals to
accomplish a sequence of actions, or priorities assigned to different activities based on

their importance. These restrictions may be imposed by environmental conditions, user
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preferences, or social requirements.

In contrast to classical navigation, social navigation explicitly targets human-centered re-
quirements such as comfort, legibility, predictability, and respect of interpersonal spaces.
Within this dissertation, social navigation is considered one of the key pillars of social ac-
ceptance: for a robotic system to be perceived as acceptable, navigation behavior must
remain safe in the control-theoretic sense and socially appropriate in the HRI sense.
This dual perspective calls for methods that can guarantee safety while accommodating

temporal, contextual, and social constraints.

Early approaches to social navigation relied on Artificial Potential Fields (APF) [176]
and the Social Force Model (SFM) [177|. These methods approximate human move-
ment by simulating attractive and repulsive forces between agents and obstacles, allowing
the robot to navigate while maintaining interpersonal distances. Although simple and
widely adopted, APF-based approaches often require heuristic parameter tuning, which
in some cases may lead to undesired robot behavior (e.g., jerky movement) [178]. More-

over, these methods can also suffer from local minima and robot stuck situations [179].

Other researchers explored Deep Reinforcement Learning (DRL) for social naviga-
tion [180, 181]. DRL approaches can generate adaptive behaviors by optimizing policies
that minimize travel time and collisions with humans. However, their effectiveness is
typically constrained by the complexity of human interactions, the reliance on accurately
perceived pedestrian positions, and the difficulty of transferring trained models from

simulation to real-world environments [182].

A third family of methods includes search-based and sampling-based planners.
For instance, in [183], the authors presented an approach that utilizes a Transition-based
RRT (T-RRT) [184], in which a Social Relationship Model (SRM) is used as a cost
function to generate socially acceptable paths. Whilst their approach generates feasible
and collision free paths, they do not compare against other approaches and their test

environments only include static social agents.

More recently, in [185], the authors proposed an online social robot navigation framework
that integrates a Social Heatmap to represent human density, a multilayered planning
strategy for global and local navigation, and social cost functions to model human dis-
comfort. Their system demonstrated improved performance and social compliance in
large, crowded indoor environments using the Pepper robot, achieving higher success
rates than previous DRL and APF-based methods.

Despite the progress achieved by the above methods, most approaches remain limited
in their ability to formally guarantee safety and temporal consistency while adapting
to human behavior. More recent works have therefore embraced control-theoretic and
logic-based formulations to endow navigation with formal safety and timing properties.
In particular, the studies presented in this thesis introduce a framework that combines
Control Barrier Functions (CBFs) with Signal Temporal Logic (STL) to enforce
spatio-temporal specifications, including obstacle avoidance, nonlinear velocity limits,
and angular constraints for user visibility, through a quadratic program solved at control

rate [10, 11]. The methodology is further validated and deployed on a real omnidi-
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rectional platform, demonstrating that the same guarantees can be preserved beyond
simulation [1], and extended with robustness to measurement noise via an Unscented
Kalman Filter in [6].

While CBF-STL ensures rigorous safety and timing, social intelligent navigation also
requires high-level reasoning about context and user needs (e.g., when to reach, follow, or
accompany; how fast to move; which social distance to maintain). To this end, the chapter
complements the control layer with a Large Language Model-based reasoning layer
that interprets environmental and user-related cues and translates them into navigation
constraints and parameters, which are then enforced by the low-level CBF controller (see
Section 4.2).

The remainder of this chapter is organized as follows:

e Section 4.1 introduces the proposed CBF-based STL social navigation framework.
It provides a macro description of the algorithmic pipeline and recalls the theoret-
ical components (CBFs for safety sets, STL for temporal specifications, and the
resulting quadratic problem (QP)), together with its uncertainty-aware extension
and notes on deployment.

e Section 4.2 presents the Intelligent Social Navigation framework: a two-level ar-
chitecture in which an LLM-based high-level module infers navigation mode, speed
bounds, and social distances from contextual and user cues, while the low-level
CBF controller guarantees safe execution.

e Section 4.3 discusses limitations and future directions.
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4.1 CBF-based STL social navigation

Among the various facets of social acceptance, social navigation represents a key factor
for mobile robots operating in dynamic and human-populated environments. The prob-
lem addressed in this section is to ensure that a robot can reach a destination position
while satisfying both safety and time requirements, even in the presence of nonlinear
speed constraints and avoiding static and dynamic obstacles. To this end, the proposed
framework combines CBFs and STL in a unified control formulation that guarantees the

satisfaction of spatio-temporal constraints through a real-time optimization problem.

Moreover, this section first describes the robot control system considered in Sec. 4.1.1, as
well as the concepts of CBF and STL discussed in Sec. 4.1.2 and Sec. 4.1.3, respectively.
Then, it introduces the proposed framework in Sec. 4.1.4, followed by the experimental
validation in Sec. 4.1.5, the real-world deployment in Sec. 4.1.6, and the robust extension
in Sec. 4.1.7.

In the following, we denote R as the set of real numbers, while R" is the n-dimensional
real vector space. Non-negative and positive real numbers are R>g and R, respectively.
A class K function o : R>9 — R>¢ is a continuous and strictly increasing function with
a(0) =0.

4.1.1 Control system

Consider x € D C R” and u € Y C R™ be the state and input of a nonlinear input-affine

control system:

&= f(z)+g(x)u, (4.1)

The functions f : R® — R™ and g : R® — R™ ™ are assumed to be locally Lipschitz
continuous [10]. Given a control signal w : [tg,t1] — U, the signal x : [to,t1] - R" is a
solution to (4.1) if = is absolutely continuous and x(t) satisfies (4.1) for all ¢ € [to, t1].

4.1.2 Control barrier functions

CBFs provide a formal framework for enforcing safety constraints through forward in-
variance of a safe set. Following CBF theory [186, 187, 188|, we desire a given safe set
C C D C R™ to be forward invariant for the system, that is, Vx(0) € C, z(t) € C Vt > 0.
This property ensures that the specified set remains forward invariant with respect to
the system’s dynamics. Consequently, if the system starts within this set, it will always
stay within it [186]. The forward invariance of the safe set can be achieved by means of
the definition of the CBF.

Let C = {z € R" : h(z) > 0} be the set of configurations that satisfy the safety
requirements for the system, also known as the safe set C, which is defined as the super
level set of a smooth function A : R™ — R with %(z) # 0 VY € OC, where OC = {x €
R™ : h(x) = 0}. CBFs are defined by the following relation, considering an extended
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class K function « such that for the system (4.1) and for all = € C:
Ju s.t. h(z,u) > —a(h(x)) < C is forward invariant.

With this condition it is possible to set up an optimization-based control problem that
modifies the desired control input ug4.s € R™ and the actuated one so that the latter

satisfies the CBF constraint, solving the following optimization problem:

u(z) = ars;;gin %Hu — Uges||* (4.2a)
st. h(z,u) > —a(h(z)). (4.2b)

When dealing with multiple barrier functions, it is possible to utilize a smooth approx-
imation of the min operator 6, 189] in order to approximate the set of all barriers into a
single one, thus obtaining the most constraining barrier function. For k£ barrier functions
h; : R™ — R where [ € {1, ..., k}, let

k
h*(x) := ! In (Z exp(—nhl(a:))> with n > 0. (4.3)

U =1

Note that mineqy, . iy hi(x) = h*(x) where the precision of this approximation improves
as 7 increases. This is beneficial because, if h*(z) > 0, it ensures that hj(x) > 0 for each
led{l, .. k}.

4.1.3 Signal temporal logic

We utilize STL as a temporal logic formalism due to its capability to express both qual-
itative and quantitative requirements of systems in continuous domains [190, 191]. It
offers a natural and compact approach to analyze a robot’s motion in a continuously
evolving space-time environment. Let s : R>g — R" be a continuous-time signal. STL
involves logical predicates, denoted by pu, whose truth values are evaluated over continu-
ous signals s(t). The predicates [192] are obtained after evaluation of a predicate function
h:R” — R as:
True if h(s(t)) >0
= (4.4)
False if h(s(t)) < 0.
In this thesis, the continuous signal is the system’s state trajectory at time ¢, namely
x(t). The STL syntax [193] of an STL formula ¢ can be associated with one of the various

expressions defined by the grammar in (4.5):

pu=T |p|=¢| o1 Ad2 | ¢1 Uy b2 (4.5)

In particular, ¢ can be associated with the Boolean True (T) signifying that the formula
is always true; with the predicate p indicating that ¢ holds true when the predicate is
satisfied as shown in (4.4); with the “negation” operator meaning that ¢ is true when the
negated formula —¢ is false; with the “conjunction” operator of two STL formulas ¢1 A ¢

where ¢ is true when both ¢; and ¢o are simultaneously true; or with the “until” temporal
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operator ¢1 Ujgy ¢2 where a,b € R>q represent the bounds of the interval defined by the
temporal operator, with a < b. In this context, ¢ is true when ¢; becomes true and
remains so within the specified time interval before ¢o becomes true. To further enhance
the expressiveness of STL, two additional operators are introduced: the “eventually”
temporal operator, defined as Fj, ;¢ := T Ujgy ¢, and the “always” temporal operator,
defined as G, )¢ = —Fjq ¢, where G|,y ¢ is satisfied if ¢ is not violated during the
interval [a, b]. The satisfaction relation (z,t) F ¢ indicates that the signal z : R>g — R",

e.g., a solution of (4.1), satisfies ¢ at time t.

For a signal = : R>g — R”, the STL semantics [189] are defined recursively as follows:

(x,t) =T < holds by definition,

(z,t) = p & h(z(t)) = 0,

(z,1) = ¢ & ~((z,1) = ¢),

(z,1) = ¢1 A @2 & (2,1) | o1 A (2,1) = ¢,

(z,t) Ed1Upap) P2 & 1 €t+at+b] st (z,t1) = ¢o,

AVty € [t, t1], (z,t2) E ¢1,

(z,t) = Fiap® < Ity €t+a,t+b] st (z,t1) F o,

(z,t) F Gl SVt € [t+a,t+ 0], (z,t1) E .
All STL temporal operators have bounded time intervals in continuous time. The horizon
of an STL formula is the minimum time needed to decide its satisfaction. For an STL

formula that has no nested operators, its horizon is determined by the largest upper

bound of the time intervals of all operators [194].

Finally, it is possible to discuss the quality of satisfaction by defining the quantitative
semantics p®(x,t) € R, which indicates how robustly a signal = satisfies ¢ at time ¢ [195],
thus obtaining a robustness value p instead of a Boolean value. Furthermore, it holds
that (x,t) F ¢ if p®(x,t) > 0 and (x,t) F ¢ implies p®(z,t) > 0.

CBFs encoding STL formulation

In [196], the authors have established a connection between a function b : R™ x [tg, 1] —
R, later shown to be a valid Control Barrier Function (vCBF), and the STL semantics of
¢. In particular, if this function is in accordance with the conditions expressed in [189]
(i.e., Steps A, B and C in [189]), then, for a given signal x : R>¢g — R" with b(z(¢),¢) > 0
for all ¢ > 0, it holds that (z,0) F ¢. Hence, x(t) € C(¢) for all ¢ > 0 implies (z,0) E ¢.

Similar to [189], a switching mechanism can be used introducing o0; : R>¢o — {0,1} into

the smooth approximation of the min operator (4.3), obtaining (4.6):

k
b(z,t) := —?17 In (Z 0;(t) exp(—nbl(x,t))> with > 0. (4.6)
=1

k is again the total number of functions b;(z,t) obtained as in [189] (Steps A, B and
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C) and each b;(x,t) corresponds to either an “always”, “eventually”, or “until” operator

with a corresponding time interval I = [a;,b;]. If this mechanism is employed, it is
necessary to remove the single functions b;(x,t) from b(z,t) when the corresponding
“always”, “eventually”, or “until” operator is satisfied. With these conditions it is possible
to synthesize a QP that renders C(t) forward invariant when b(z, t) is a vCBF. Therefore,

we can consider:

qulelg u'Qu (4.7a)
st P80 (1) 1 gau) + P8 > oo, 1) (4.7b)

where Q € R™*™ ig a positive semi-definite matrix. This convex optimization problem is
feasible if b(x, t) is a vCBF. The role of the a(-) function [186] is to provide to the designer
a way to modulate the action of the CBF, depending on whether a more conservative or

aggressive behaviour is desired.

Construction of b(z,1)

The construction of the function b(x, t) follows the procedure originally proposed in [196],
which establishes the link between STL specifications and CBFs. For completeness, the
method is briefly summarized below.

e Consider ¢ := F}_ 1 or ¢ := Gy, 4,100 and let

ty if B , >0
o { b i F, 10, T (48)
tq if G[ta7tb}u ) tq Z 0.
o Let
h°Pt .= sup h(z). (4.9)

reR”™

e Since we aim at satisfying ¢ with robustness threshold r» € R>o, i.e., p?(z,0) > r,

then choose

(0, hP1) ift* > 0
(4.10)

(0, h(z(0))) ift* > 0.
e Consider b(z,t) := —v(t) + h(x), where y(¢) is a non-decreasing, piecewise linear

function defined as:

Y204 if £ < t*

(t) = { G (4.11)
Yoo Otherwise.
e Next, let

Y0 € (=00, h(x(0)), (4.12a)
Yoo € (max(r,70), hP"). (4.12b)

By following this procedure, it is possible to compute b(z,t), and consequently its partial
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derivatives ab[gz’t) and abgg’t), which are used in the quadratic program formulation (4.7b).

4.1.4 Proposed framework

In [1, 6, 10, 11], we propose a motion planning approach based on CBF and STL for
completing a task at any time within a time interval in a dynamic system subject to
nonlinear velocity constraints, angular constraint and collision avoidance. To this end, we
consider the STL fragment [196] reported in (4.13). In particular, we divide STL formulas
into two categories: 1, defining an elementary class, and ¢, defining a composite class

that includes temporal operators and conjunctions of multiple elementary STL formulas:

Yu=T [ p] o] At (4.13a)
¢ = G | Flag¥ | V1Uapd2 | 1A 2 (4.13b)

where 11, 19 are formulas of the class ¢ given in (4.13a), whereas ¢; and ¢9 are formulas

of the class ¢ given in (4.13b). Compared to [189], we make similar assumptions:

Assumption 1. For an STL formula ¢ defined according to (4.13b), there exists a
constant C' > 0 such that (z,0) FE ¢ = [|z(t)||] < C Vt > 0.

This guarantees that trajectories z(t) are bounded.

Assumption 2. The vector function g(x) in (4.1) is such that g(x)g(z)”

definite for all x € R™.

1S positive

In the following, we discuss the formulation of the specific constraints considered in this

framework, namely collision avoidance, nonlinear velocity, and angular constraints.

Collision avoidance

Let’s assume that the robot is located at the current position zo € R?, and that a list of
detected obstacle positions z,,, € R? is available within a certain sensing range. For a
given obstacle 7, approximated as a circle with radius R; € R>q, the collision avoidance

constraint can be satisfied by defining the barrier function:

hops () = |20 — wobS¢"2 - Rz‘Q-

The function heps(z) is a CBF if the control input u ensures that

Pops (, u) = 2(z0 — Zobs, )t = (hops(2)).

Thus, the most constraining barrier function A%, (x) can be defined using a smooth

approximation of the min operator (4.3), leading to the constraint formulation in (4.17c).
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Nonlinear velocity constraints

Let us consider a robot at the current position zg = [l’oz,iltoy]T, and suppose it needs to

reach the goal zg = [sz,xgy]T within a time t* = t; seconds, with a certain tolerance

distance ¢ from x. This problem can be expressed in terms of the following STL formula:

¢ Fliy 1) (120 — 26| < €).

To construct b(z,t), in the case of the “eventually” operator, according to Sec. 4.1.4, it is
necessary to consider t* as the time ¢, belonging to the interval I = [¢4;5]. This process
does not allow the desired task to be completed at any time within the interval I, but
it will be completed at ¢, unless the vCBF is constructed with a different t* < t; € L
Furthermore, considering a system that must provide safety-critical guarantees, it is
necessary to take into account the presence of velocity constraints that may limit the
system dynamics during task execution. In [10], we propose a two-step construction

procedure that allows addressing these constraints.

1. The first step involves determining the average velocity, vgperage, that the robot
would have along the path to be crossed. Assuming there are no obstacles, the robot
will follow the minimum Euclidean distance path, thus obtaining that viverage, set
by the STL formula ¢, is given by the ratio between the variation of the distance
traveled As;y, and the time t* imposed by ¢, as defined in (4.14):

Aspor = \/(fﬂow —2a,)* + (z0, — 2a,)?%, (4.14a)
As
Vaverage = %- (414b)

In the event that one or more obstacles are present along the robot’s path, the
distance it will need to traverse will be greater, leading to an increase in velocity
to ensure the satisfaction of the STL specification ¢ (i.e., to ensure that the task is
completed by t*). Introducing the velocity constraint v, two sub-cases can be
considered: the first, vmmaz > Vaverage in Which the specification ¢ continues to be
satisfied; the second, Vmaz < Vaverage, in Which the STL specification ¢ cannot be
satisfied. Consider, for example, the case shown in Fig. 4.1: in this situation, the
STL specification requires the robot to reach the destination xg from the initial
position xg, covering a distance of Asiy = 17 m, in t* = 10 s. As a result,
Vaverage = 1.7 m/s, which does not allow the satisfaction of the specification in the
last tract of 1.5 m, shown in grey, since vz < Vaverage- A similar scenario that
considers the presence of an obstacle is depicted in Fig. 4.2. In this case as well, the
robot should have an average velocity vVgperage = 1.7 m/s to ensure the satisfaction
of the specification within ¢* = 10 s. This cannot be achieved as it conflicts with
the velocity constraint of vy, = 1 m/s when the robot enters in the area shown

in yellow near the obstacle, since vyaz < Vaverage-

2. This second step provides a solution that allows resolving the issue introduced by

the velocity constraints and simultaneously addresses the problem associated with

99



Fio10/(| [0 — 2¢|| < 1)

S — .. gu
| b 1.5m |
; 17m —
Velocity
Contraints LM S

Figure 4.1: Example 1: The robot must reach the final state x¢ within 10 seconds while being
subject to two maximum velocity constraints defined by different colored areas along its path.
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Figure 4.2: Example 2: The robot must reach the final state ¢ within 10 seconds while being
subject to two maximum velocity constraints defined by different colored areas along its path in

the case of obstacle avoidance.

the inability to conclude a task at any time within the interval I, considering the

“eventually” operator.

In particular, we propose the computation of a dynamically defined bound t}_,,,
given by

N As

t p—
(PZ - P’/‘Pc) Umaz (t)

new

(4.15)

where:

e As is the remaining path space;

® Upaz(t) is the maximum velocity;

e P; represents the initial percentage, taking a user-defined value 0.5 < P; < 1
which allows the vgperage to be increased so as to complete the specification
within T.

o P, is the reduction percentage, taking an arbitrary value 0 < P; < 0.2 which
allows to decrement initial percentage in case the solver does not converge to
solution.

e P, is the percentage counter, with an initial value of zero, and it is incremented

in case the QP fails to find a solution.

Specifically, the solution consists in instantaneously checking the maximum velocity

Umaz(t) and dynamically computing a ¢,

based on the remaining distance As and
the weighted maximum allowable velocity (P; — PrP.) Umaz(t). This computation
needs to be implemented whenever a change in v,,4, occurs or when the quadratic
problem does not converge to a feasible solution due to the exceeding of speed

*

constraints. Hence, the quantity ¢, will be used to compute a new barrier b(z, 1),
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as explained in Sec. 4.1.4. This procedure will allow the robot to travel the route
at a speed greater than vgperage, thus allowing the specification to be satisfied in

the interval I, and to overcome the problem depicted in Figs. 4.1 and 4.2.

Regarding nonlinear velocity constraints, considering the velocity vector vyeqr = [Vz, vy, w]”,
we introduce an additional constraint within the QP problem by imposing the squared
norm of the nonlinear velocity to be ||v; + vy|| < Umaz, leading to the constraint formu-
lation in (4.17d).

Angular constraint

Exploiting the methodology presented in [11, 188|, the FOV constraint in (4.17e) can
be defined. Specifically, considering W as the world reference frame, R as the local
robot reference frame, and H as the local human reference frame, the FOV constraint
is formulated based on the relative position of the detected user, represented by the
components "Wz and Wyg, with respect to the robot state x = [Vx,Vy,V]. This
relationship is expressed as:
Rpw=Wag ="V yu =V )"

Next, the constraint is split into two components that are treated as different constraints
entered into an optimization solver. To this end, we introduce the following h () for

the robot:

h (") tan(
hpoo(Rpa) = =A
P3) tan(

)1
) 1

Rpy,. (4.16)

@ N[

Imposing the condition Ay, (-) > [0,0]7 is equivalent to constraining the robot’s orien-
tation such that the user remains within the angular FOV . The parameter A takes a
value of —1 if the constraint is applied behind the robot in accompany mode, or 1 during

the reach and follow modes. The time derivative of (4.16) is then expressed as:

oo, [0 (3) 1]

PHU) = e Py = PH,
ORpy tan (g) ~1

hfov(R

where the velocity of human with respect to the robot, Rpqy, is then expressed through

kinematic computations:
R, R .
Pr = "R pu — A, | T¥ )

considering the rotation matrix ®Ryy:

RRyy =
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Figure 4.3: Robot trajectory in simulated environment.

3

= Vel _real

-+ Vel max
Wait
2.5 4

Velocity (m/s)

0 10 20 30 40 50 60
Time (s)

Figure 4.4: Time evolution of real speed in reference to maximum speed.

In conclusion, the following quadratic optimization problem can be formulated:

T
min u Qu (4.17a)
ob(x,t) .. 0b(z,t)

s.t. e (2) 5t > —a(b(x,t)), (4.17b)
s (2,1) 2 —a(hgy (@), (4.17¢)
vz + vyl < Vimaa, (4.17d)
hfov(Rp’Hau) > _a(hfov(Rp’H»- (4176)

4.1.5 Experimental validation

In order to test the proposed framework, we have conducted two different experimental
validation in Matlab. Specifically, in [10], we simulated a social navigation application,

shown in Fig. 4.3 and in the accompanying video!.

Let us consider a scenario in which a robot is located in a train station and needs to
guide a person to a platform. Depending on the robot’s position, the velocity constraint
Umagz Can vary, creating different operational modes:

e Standard: the default mode, with vy, = 1.5 m/s;

e Crowded Area: when the robot is close to dynamic or static obstacles, with vy,q, =

'DOLI: https://doi.org/10.5281 /zenodo.10075373
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Figure 4.5: The behavior of the control barrier function b(z,t) has a value always greater than
zero, indicating the satisfaction of the STL formula ¢.

1.05 m/s;
e (Corridor: when the robot is within a corridor, where human access is not allowed

and we assume there are not obstacles. Here, we set vyq, = 3 m/s.

For the simulation, we employed a three-wheeled omnidirectional robot model as imple-
mented in [189]. The simulation environment incorporates six obstacles, comprising three
static and three dynamic obstacles, randomly distributed in the environment. To create
a more realistic simulation of dynamic obstacle behavior, distinct rhodonea curve trajec-
tories are assigned to each obstacle. To successfully guide the user to their destination,
the robot starts from the charge_pose and proceeds to the home_ pose. Subsequently, it
must safely guide the user to the platform while avoiding collisions. Upon completing the
task, the robot will enter the corridor and ultimately return to the initial position. The
robot is expected to execute this sequence of operations within various time intervals,
for a maximum total of 60 seconds. The temporal constraints are expressed through the
following STL formula: ¢ = ¢’ A ¢” A @' N\ ¢"" with a certain tolerance € = 0.2 m and

velocity constrains, where:

¢’ : = Fya0)(||lz — zHOME _POSE| < €)
(Z)” = F[10740](Hx - -’L'PLATFORM71H < 5)
¢" : = Fuos0)(||z — zcorriporl| <€)

¢"" = Frso60(||¢ — zcmarce_pose|l < ¢€).

Figure 4.4 shows the real velocity profile along the path that satisfies the nonlinear veloc-
ity constraints, shown in red. For simplicity, we considered the robot internal dynamics
f(z) equal to zero. As a result, its velocity is given by v,eqi = g(z)u, from (4.1). During
the simulation, pauses were introduced at the end of each STL specification, as indicated

by the green segments in Fig. 4.4, where the robot is not moving.

In addition, as reported in Table 4.1, it can be observed that each specification is satisfied
within the time interval defined by its own temporal operator. As a result, by employing
this approach, it was possible to decrease the execution time of the STL formula ¢ to
approximately 47 s instead of 60 s. The performance of the function b(zx,t), shown in

Fig. 4.5, demonstrates the satisfaction of the formula ¢ throughout the entire simulation,
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Table 4.1: Time comparison between constraint in the STL formula and actual path duration.
Time in [g].

¢/ ¢// (z)/// (blll/ ttotal
STL constraint 10 30 10 10 60

Actual path duration | 6.51 | 25.06 | 9.01 | 6.50 | 47.08

as it ensures that its value is always greater than zero. Using the proposed approach, it is
possible to observe the results of motion planning, which has allowed for the identification
of a valid path for the robot and the satisfaction of STL specifications subject to nonlinear

velocity constraints, ensuring the compliance with safety guarantees.

Regarding the angular constraint, in [11], we simulated a scenario, shown in Fig. 4.6
and in the accompanying video?, using a similar simulation proposed in [10]. The input
control w are the angular velocities of the robot, considering the three-wheeled omnidirec-
tional robot model described in [197]. We assumed maintaining the user at an arbitrary

distance with a certain level of noise from the robot.
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Figure 4.6: The robot starts from ChargePose and, upon detecting the user, moves to Home-
Pose. The robot guides the user to the Platform2 while ensuring velocity constraints, angular
constraints, and collision avoidance. Subsequently, the robot returns to the home pose through
an obstacle-free corridor.

Using the proposed approach, it is possible to observe the results of motion planning,
which allows for the identification of a valid path for the robot and the satisfaction of
STL specifications subject to nonlinear velocity constraints, angular constraint, ensuring

the compliance with safety guarantees.

4.1.6 Real-world deployment

In [1], we provided a practical implementation of the CBF-based STL social navigation
framework in real-world conditions with omnidirectional robots, extending our previous
studies [10, 11]. Additionally, we release the associated ROS2 Humble code, providing
instruction on how to scale the considered framework to any robotic platform. To vali-

date the proposed system, we conducted different tests in a real-world scenario, as shown

2DOI: https://doi.org/10.5281/zenodo.10255241
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Figure 4.7: Real-world environment with omnidirectional mobile robot and two unknown ob-
stacles.

in Fig. 4.7, demonstrating that the architecture successfully satisfies the constraints con-

sidered.

To implement the proposed architecture with ROS2 Humble, an omnidirectional mobile
robot equipped with laser scanners, a rear-facing camera and an onboard speaker is
employed. The implementation code is available on GitHub3. The proposed architecture,
organized into several functional blocks, enables a mobile robot to navigate towards a
destination in a socially acceptable manner while satisfying multiple constraints and

interacting vocally with the user.

As illustrated in Fig. 4.8, the architecture is organized into four main functional blocks.
The INPUT block (blue) receives the user request, which specifies the navigation goals
and temporal constraints. The camera node (green) estimates the human-robot distance
using the rear camera, while the Robot platform (orange) provides localization informa-
tion and laser scanner data. Finally, the CBF-STL block (red) integrates these inputs
to compute the robot’s velocity commands, as well as service calls to adjust the speaker

volume and trigger vocal interactions. In particular:

e INPUT request: the INPUT request is a message of type my_interfaces/msg/Input

published on the /input topic. This message can be generated either manually from
the terminal or automatically from an external node. When received, it triggers
the robot’s navigation toward one or more destinations under temporal constraints.
Specifically, INPUT request includes the following parameters: a temp_operator,
corresponding to the STL operators eventually (F), always (G), or until (U); goal
and goal2; and the temporal bounds ta, tb, and tab.

An example of INPUT request is: ros2 topic pub /input my_interfaces/msg/Input
"temp_operator: ’F’, goal: [9.0, 8.0], goal2: [0.0, 0.0], ta: 1, tb:

5, tab: 0" -once.

e Camera node: this node is used to compute the distance between the camera and
the user during robot navigation. The resulting human-robot distance is exploited
by the CBF-STL block to enable vocal interaction, allowing the robot to notify
the user to either approach or move away depending on a predefined threshold. In
particular, the camera node publishes the distance value as a std_msgs/Float32

message on the /human_distance topic, as shown in Fig. 4.8.

Shttps://github.com/andrearuo/omnibase_ws
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e ROBOT platform: after performing environment mapping, the robot platform
employs Adaptive Monte Carlo Localization (AMCL), which estimates the posi-
tion and orientation of the robot within the environment. The localization data
are published on the /amcl_pose topic and provided as input to the CBF-STL
block, together with the laser scanner data published on the /scan topic, which are
used to detect obstacles in the robot’s surroundings in real-time. Moreover, the
robot receives velocity commands through the /cmd_vel topic, processes volume
adjustments via the /volume service, and handles text-to-speech (TTS) output
through the /say service.

e CBF-STL block: this block generates the robot’s velocity commands to drive
it toward the destination while satisfying multiple constraints. Specifically, upon
receiving an INPUT request, the manager cbf-stl node first sets the robot’s volume
via the /volume service by providing the value of the VOLUME_MAX variable. Next,
a request is sent to the cbf-stl node through the /input_request service to initiate
the navigation.

During task execution, the human-robot distance measured by the camera node is
continuously monitored to provide acoustic notifications to the user. In particular,
an acoustic alert is triggered to inform the user to move away if their distance falls
below the threshold MIN_DISTANCE_NOTIFICATION value. In contrast, a different
notification instructs the user to approach if their distance exceeds the threshold
MAX_DISTANCE_NOTIFICATION value.

The cbf-stl node, developed on the basis of our previous work [10, 11|, solves a
quadratic optimization problem, through the ALGLIB library [198], formulated as
in (4.17). The output of this optimization problem, u, is the velocity command
published on the /cmd_vel topic, while simultaneously enforcing several key con-
straints, such as: the spatio-temporal constraints, corresponding to (4.17b); the
collision avoidance, through (4.17c); the velocity constraints in (4.17d) and an-
gular constraints as shown in (4.17e). In particular, spatio-temporal constraints
are satisfied by encoding STL into CBFs using parameters defined in the INPUT
request with the procedure exposed in [10, 189].

Regarding collision avoidance, the system is able to avoid unknown obstacles by
processing messages of type my_interfaces/msg/Obstacles on the /obstacles
topic, which include the following parameters: the number of detected obstacles
(o_number), their radii (o_radius), and their positions (ox_pose and oy_pose).
These parameters are provided by the check obstacle node, which combines the
robot’s localization from the /amcl_pose topic with laser scanner data from the
/scan topic in order to cluster obstacles as walls or columns. Specifically, cluster-
ing is performed using the Density-Based Spatial Clustering of Applications with
Noise (DBSCAN) library [199], excluding laser scanner measurements beyond the
arbitrary threshold value defined by the variable CHECK_OBSTACLE_RADIUS. Subse-
quently, the check obstacle node assigns a RADIUS_WALL value when an obstacle is
classified as a column, and the RADIUS_COLUMN value when it is classified as a wall.
In terms of velocity constraints, the maximum velocity, vy,qz, is set by the parame-
ter MAX_VEL_ROBOT, which is dynamically reduced to 0BS_VEL_ROBOT if an obstacle
is detected within the 0BS_DIST_ROBOT value of the robot.
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Figure 4.8: Overall architecture of the proposed system.

About angular constraints, the system ensures the goal remains within the robot’s
FOV by using the procedure described in [11]. It leverages the goal position from
the INPUT request, the robot’s pose from the /robot_pose topic, and an arbitrary
FOV angle variable FOV_GOAL_RADTIANS.

These CBFs can be modulated by leveraging the a(-) functions, as reported in [186],
depending on whether a more conservative or a more aggressive behavior is desired.
Specifically, within the manager cbf-stl node it is possible to adjust the parame-
ters ESP_STL and K_STL, while within the cbf-stl node the parameters ESP_0BS,
ESP_FOV_GOAL, X_0BS, and K_FOV_GOAL can be tuned. Moreover, every 0.02 s (i.e.,
with frequency 50 H z), the cbf-stl node publishes navigation data on the /alldata
topic, which are then saved by the manager cbf-stl node, and the command velocity
to the robot.

Experimental setup

The proposed framework was validated using the PAL Robotics TIAGo Pro robot [200]
connected to an external PC equipped with an Intel Ultra 7 CPU, 16 GB RAM, and an
NVIDIA RTX 4050 GPU, running Ubuntu 22.04 and ROS2 Humble. In particular, the
robot employed in this work is composed of an omnidirectional base with four wheels,
computer with CPU Intel i5, RAM 8 GB, SSD 250 GB and 802.11ax, Dual Band, 2x2
Wi-Fi 6 + Bluetooth 5.2, two laser 360° LIDAR FOV, 1 x 6 DoF IMU and two speakers.
The communication between the robot and the PC was established via a dedicated SSH

Ethernet connection.

A ZED2 Al Stereo Camera [201] is used, mounted on the rear expansion panel of the
robot through a custom 3D-printed support and connected to the PC via a USB 3.1
cable. In order to obtain the human-robot distance, the camera node (provided in the

shared code with the name zed2 camera node) interfaces with the zed-ros2-wrapper [202],
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Figure 4.9: 2D map containing the average path taken by each of the four cases, relative to
the reference path.

which bridges the camera with ROS2 through its ZED SDK 5.0 [203]. By enabling
the bt_enabled parameter and setting the body_format to BODY_18 [204]| within the
common,_stereo.yaml file in the zed wrapper, the camera node can select a reference
landmark (landmark ID 1 in our case, corresponding to the neck). The entire architecture
was executed on the external PC, with the exception of AMCL localization, which was

performed onboard the robot.

The experiments were conducted in a public convention center, as illustrated in Fig. 4.7,
whose 2D map is reconstructed in Fig. 4.9. The environment includes the presence of
unknown static obstacles and people who can move freely within the area. Moreover, the

arbitrary parameters are selected as in Table 4.2.

Table 4.2: Parameters used in the experimental validation

Variable Value
MIN_DISTANCE_NOTIFICATION 0.8 m
MIN_DISTANCE_NOTIFICATION 3.5 m

CHECK_OBSTACLE_RADIUS 3.0m
RADIUS_WALL 0.4m
RADIUS_COLUMN 0.6 m
MAX_VEL_ROBOT 0.7m/s
0BS_VEL_ROBOT 0.5m/s
0BS_DIST_ROBOT 1.5m
FOV_GOAL_RADIANS 22 radians

Experimental validation

To validate our proposed architecture, we conducted a total of 35 tests in four differ-
ent cases. Specifically, the tests involved reaching a predefined goal position using three
different temporal operators in combination with collision avoidance, velocity limit, and
angular constraint. In detail, 10 tests were performed using the temporal operator even-
tually (F), 10 using the operator always (G), 10 using the operator until (U), and 5 using

the operator F in the presence of two random and unknown static obstacles, as shown in

108



1.04 —— Operator F
Operator G
0.8 —— Operator U

—— Operator F with CA

o o
IN o

Deviation from Reference Path [m]
o
o

©
o

0 20 40 60 80 100
Path Progress [%]
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reference path.

the attached video CA test example.mp4*.

Additionally, during the task, the robot was able to measure the user’s position relative
to itself using the rear camera. Based on these data, the robot can communicate with
the user, instructing them to approach or move away if the predefined distance limits are

exceeded.

Following the tests, we considered the starting midpoint of the 35 tests and the predefined
destination at (9, -10), thus obtaining the reference path shown in black in Fig. 4.9. This
reference path was used to calculate the robot’s deviation from it, as shown in Fig. 4.10.
The results demonstrate that the robot’s trajectory closely followed the reference path
with minimal deviation for each temporal operator, unlike the last case involving random

obstacles along the path.

Finally, the execution times of each simulation were analyzed, and the results are pre-
sented in Fig. 4.11. These results highlight that in all cases the simulations satisfied the

time constraints.

Moreover, a final test was carried out, as shown in the attached video DA test exam-
ple.mp4?, in which the robot guides a user to an office in the convention center, demon-

strating the system’s responsiveness even in the presence of dynamic obstacles.

Scalability to other hardware platforms

The shared code refers to the implementation shown in Fig. 4.8 with the hardware setup
described in Section 4.1.6. To adapt the proposed architecture to different hardware
platforms, the following nodes must be modified:

e check obstacle node: in the case of a different arrangement of laser scanners, or when
only a single laser scanner is available, the node must be modified to process the
incoming data accordingly. Specifically, the data may arrive from a topic different
from /scan, and the transformations of the laser scanners with respect to the
robot’s local reference frame must be updated. The check obstacle node must still

publish the previously defined parameters on the /obstacles topic;

‘https://doi.org/10.5281/zenodo. 17980308
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Figure 4.11: Average execution times with their respective variances for each of the four cases.

e manager cbf-stl node: when using a robot other than those provided by PAL
Robotics, the SayActionClient class must be adapted to comply with the TTS
protocol of the target platform. In particular, the manager cbf-stl node relies on the
function SayActionClient.send_speech_goal(const std::string &text) to trans-
mit voice messages to the robot, which must therefore be re-implemented to ensure
compatibility;

e camera node: if a different camera is used in place of the ZED2 adopted in this work,
the corresponding SDK, wrappers, and interfaces must be installed. Furthermore,
the camera node must be modified to ensure compatibility with the new device.
Importantly, the new camera node must still publish the measured human-robot
distance on the /human_distance topic using the std_msgs/Float32 message type,
S0 as to ensure interoperability with the rest of the architecture;

e map configuration: users must create their own YAML map file to reflect the op-
erating environment of the robot. The map should be generated through standard
SLAM or mapping procedures available in ROS2 and stored in the workspace. The
YAML file must then be loaded onto the robot and referenced in the navigation

stack to enable proper localization and path planning.

4.1.7 Uncertainty

The growing complexity of modern robotic systems and the environments in which they
operate necessitates careful consideration of safety, increasing the challenges associated

with social navigation. Moreover, localization measurements are often affected by random
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noise, which can lead to unsafe behavior if not addressed in the control design. Therefore,

it is crucial to ensure robustness against measurement noise.

In [205], the authors proposed a framework for safety-critical control of systems with
erroneous state estimates. This framework leverages CBFs and unifies the method of
backup sets for synthesizing control invariant sets with robustness requirements. The
outcome is the synthesis of measurement-robust CBFs, which provide guarantees for safe
behavior in the presence of imperfect measurements. The works in [206, 207| considered
robust CBF formulations with worst-case disturbance bounds to ensure safety. Specifi-
cally, in [206], the authors introduced the concept of robust-CBF, which, when combined
with input-to-state stable control Lyapunov functions, yields controllers for constrained
nonlinear systems under known, partially known, and unknown disturbances. In [207],
the authors proposed a robust control Lyapunov function and a CBF-based QP controller
with an Unscented Kalman filter (UKF) which has the capability to mitigate the
effects of state disturbance and measurement errors. Safety guarantees in the presence of
measurement noise were addressed for stochastic systems in [208]. The authors presented
a framework for CBFs in stochastic systems subject to Gaussian process and measure-
ment noise. They developed CBFs for environments with incomplete state information,
with states estimated via sensors corrupted by Gaussian noise. It has been proven that
the proposed CBFs ensure safety when the state estimate is within a specified bound of
the true state, a condition achieved using an extended Kalman filter (EKF) when the

system is linear or when the process and measurement noise are sufficiently small.

Building on our previous works [10, 11|, in [6] we proposed a robust CBF-based STL
motion planning methodology combined with an UKF to mitigate the effects of noise on
state measurement. Hence, our methodology ensures task completion at any time within
a specified time interval for dynamic systems subject to nonlinear velocity constraints,

collision avoidance, and erroneous state measurements.

Unscented Kalman filter

The UKF describes a filtering algorithm for estimating the state of a nonlinear system,
affected by random noises, based on a sequence of observations and control infor-
mation [207]. Specifically, we consider the following dynamic nonlinear time-invariant

discrete-time system with additive noise:

Try1 = F(og, ug) + g,
yr = H(zy) + ng, (4.18)

where xp € R™ denotes the unobserved state of the system at time k, yp € RP is the
observed measurement signal at time k, vy is a zero-mean Gaussian noise process with
covariance matrix Q € R™ ™ at time k, ny is a zero-mean Gaussian noise observation
with covariance matrix R € RP*P at time k, and u; € R™ is the control input at time
k. Without loss of generality, we assume here that v and n are uncorrelated. F and
H are the state transition function and the measurement function respectively [209]. In

general, F' and H are not linear. In order to estimate the probability distribution of the
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system’s state using efficient Kalman filtering, one has to linearize the functions F' and
H. While the EKF performs this linearization using Taylor series expansion, which can
introduce errors in the posterior mean and covariance, the UKF uses a more accurate
stochastic approximation, known as the unscented transformation. This method
provides a better estimate of the posterior distribution without requiring linearization,

while maintaining the same computational complexity as the EKF [210].

It is possible to estimate the state using the UKF algorithm given in [210], considering
that the input is the mean and covariance of the estimate at time k, along with the

control input, ug, and the observation, yy.

Proposed approach

In the presence of noise affecting the robot’s position, the direct measurement becomes
unreliable, necessitating estimation of the state. In particular, the estimated state,

in contrast to noisy measurements, is utilized to compute a vCBF.

UKEF requires a discrete-time state transition function, F' in (4.18), but the robot’s model
considered in (4.1) is continuous-time. To compute the discrete-time approximation of the
continuous-time model, we rely on the Euler discretization method [211]. Considering the
robot’s dynamical system in (4.1), the resulting discrete-time state transition function,
defined in (4.18) is:

F(zg, uk) =z + (f(zr) + 9(@r)un) T, (4.19)

where the accuracy of this approximation depends on the sample time Ts. Moreover,
we assume that the measurement function, H in (4.18), is an identity matrix since the

robot’s output is its position, which coincides with the state.

Following the formulation of UKF [210], the augmented state is defined as the concate-

nation of the original state x and noise variables v and n:
2% = [z7, 0T nT]T € RE, with L = 2n + p. (4.20)

The UKF is initialized with:

Lo = Elzo], (4.21)

Py = E[(x0 — #0)(x0 — #0)"], (4.22)

2§ = El[z§] = [#g,07,07], (4.23)
P 0 0

Py =E[(«f - 2§) (25 —2) =0 Q 0], (4.24)
0 0 R

where [E is the expected value, 2 is the initial state estimation, 2 is the initial augmented
state estimation, while Py € R"*" and F§ € REXL are the covariance matrix of & and
z§ respectively. Since v and n are white Gaussian noise, their mean over time is always

zero. At time step k, the state xf can be estimated according to the algorithm in [210].
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The correct setting of the @ and R matrices helps make the filters more robust. Usu-
ally, the process noise covariance matrix () is determined using an innovation-based
method [212|, which relies on the difference between the actual measurement and the
predicted position value from the system model. Conversely, the measurement noise co-
variance matrix R is often determined empirically, accounting for uncertainties in the
tracking data. When empirical determination is not feasible, it is possible to assume a
diagonal structure for R and estimate it from the knowledge of y and z as R = I - ||¢||?,
with ||e||? = ||y — Hx||?, as discussed in [209)].

The robust CBF-STL motion planning algorithm can be expressed from the QP
in (4.7), that ensures C(t) remains forward invariant, when b(z, t) is a vCBF, considering

the estimated state Z as follows:

2116111} ’LLTQ'LL (425&)
ob(2,t), . . ) ob(2,t) .
st —o2— (f(@) + g(@)u) + == > —a(b(#,1)), (4.25b)

||'Ux + Uy” < Umaz-

In particular, we aim to minimize the control input u while satisfying the following con-
straints: 1) the CBF-STL constraint ensures task completion within a specified time
interval. The function b(z,t), leveraging the smooth approximation of the min opera-
tor in (4.3), incorporates both static and dynamic obstacle avoidance barriers, thereby
enabling collision avoidance. In this case, the constraint includes the state estimate de-
rived from UKF, as opposed to the approach used in [10, 11]; ii) the nonlinear velocity
constraint, as we are interested in constraining the velocity norm, which requires the

quadratic norm of the omnidirectional robot’s velocities to be less than or equal to v,,q..

Simulation results

To validate the proposed approach, we consider a scenario in which an omnidirectional
robot is in a social environment and needs to guide a person to various points of interest
(e.g., Tpose 1 = (8;2) and Tpose 2 = (5;13)). The simulation environment includes two
static and two dynamic obstacles. Hence, the robot must plan and execute a collision-
free path with the ability to reprogram its trajectory, reduce its speed in proximity of
obstacles, or accelerate in obstacle-free areas. Moreover, we assume that depending on
the robot’s position, the velocity constraint v,,q, can vary, creating different operational
modes: 1) Standard mode: the default mode; ii) Reduction mode: when the robot is close
to dynamic or static obstacles; iii) Speed mode: when the robot is going on a path free
of obstacles. Arbitrarily, we set vmae = {1.5; 1.05; 3} m/s for the different modes,

respectively.

Additionally, we assume the initial position of the robot is known, and we consider that

the robot must satisfy the following STL specification:

¢ = $1U[15 45925 (4.26)
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Figure 4.12: Gazebo simulation of the considered environment, where we placed two static and
two dynamic obstacles (black cylinders and humans).

where:

1= G[15,18](||$ - xpose_l” < 5),
$2 = Fiig as)([[& = Tpose_2| <€). (4.27)

In particular, (4.26) defines the conjunction of the two specifications, ¢; and ¢9, in (4.27).
The first specification, ¢, requires the robot to reach pose Zpose 1 = (8;2) with a
tolerance ¢ = 0.2 m, within 15 s, and remain in that position until 18 s. Then, ¢o,

requires the robot to reach pose Zppse 2 = (5;13) with tolerance £ = 0.2 m within 45 s.

To evaluate the proposed framework, we simulated a social navigation application in
Gazebo using ROS2 Humble across three different use cases, as demonstrated in the

5 In the first scenario, the ideal case without disturbances is con-

accompanying video
sidered, following the methodology outlined in [10]. In the second scenario, disturbances
are introduced, resulting in localization uncertainties for the robot, again employing the
methodology from [10]. In the third scenario, we build on the second case by applying
the robust CBF-STL motion planning algorithm proposed in this work. The layout of
the Gazebo simulation is depicted in Fig. 4.12, while Fig. 4.13 shows the 2D layout, with

the colored areas representing the robot’s three different operational modes.

Assuming an ideal scenario with no disturbances in the state measurement, and applying
the framework described in [10], we obtain the results presented in Fig. 4.14. In particu-
lar, the satisfaction of the ¢ specification is indicated by the fact that the robot reaches
the first destination in about 11 s, and leaves for the second destination at the time of
18 s, arriving within 45 s. In addition, the adherence of the velocity constraints and the

positivity of the barrier are ensured.

In the real scenario, we consider the use of a robot location sensor that introduces uncer-
tainty into the state measurements. Specifically, we assume that the sensor provides the
robot’s position with a uniform error distribution between —0.05 and 0.05 m. The re-
sults presented in Fig. 4.15 were obtained by applying the methodology described in [10].
These results demonstrate the satisfaction of the specification in (4.26) and conformity
to speed constraints; however, the constant positivity of the barrier is not guaranteed. In

particular, the top image in Fig. 4.15 shows that the robot has continuous speed spikes,

SDOI: https://doi.org/10.5281/zenodo.13768594
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Figure 4.13: Robot’s path is shown in black, the paths of the dynamic obstacles are shown
in blue, the static obstacle positions are depicted in red, while the orange rectangles represent
the areas where the robot must operate in reduction mode, the green areas represent where the
robot must be in speed mode, and the white areas indicate the default mode.

caused by disturbances, resulting in problems with energy consumption and negative user
experience. An important point to note is that the small disturbance in the algorithm

proposed in [10] does not ensure a safe trajectory execution.

This issue can be addressed using the method proposed in this work, with the results
illustrated in Fig. 4.16. In the UKF, Ts has been chosen as the reciprocal of the QP
simulation execution frequency equal to 20 ms. @ and R are computed as follows:
Euler’s method was used to predict the robot’s future position in the first case, with no
measurement error assumed. The resulting position deviation was 0.01 m. To reflect this
deviation in the process noise covariance matrix (), the variance was calculated as the
square of the deviation value. Therefore, a variance of 0.0001 was assigned to the diagonal
elements of the () matrix to accurately represent the predicted uncertainty in the robot’s
position. Assuming the uniformly distributed noise, as described in the second case, the
variance terms of the R matrix, which are equal to the square of the disturbance value,
were determined to be 0.0025.

In particular, Fig. 4.16 shows the satisfaction of the specification ¢ as well as adherence

to speed constraints and barrier positivity in the case of uncertainties in measurements
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Figure 4.14: Considering the ideal case, the top plot shows the robot’s speed in black, while
the maximum allowed speed is shown in red. The second plot depicts the barrier value in black,
which does not fall below the constraint boundary shown in red.
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Figure 4.15: Considering the real case with a uniform error distribution between —0.05 and
0.05 m, in the top image, the robot’s speed is shown in black, while the maximum allowed speed
is shown in red. In the second image, the barrier value is depicted in black while the constraint

barrier boundary is shown in red.

of the state. Moreover, the mean distance between the corrupted observed state and the

true position obtained from Gazebo, x,¢q, in the second case, is equal to 0.038, while

the mean distance between the estimated state & and x,.q, in the third case, is equal

to 0.018. This difference highlights the significant reduction in errors achieved by the

proposed method compared to the method presented in [10] when the state is subject to

measurement noise.
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Figure 4.16: Considering the real case with the proposed approach, in the top image, the
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4.2 Intelligent social navigation

While the previous section focused on low-level control approaches for social naviga-
tion based on CBFs and STL, this section explores the integration of high-level reasoning
mechanisms into the navigation process. The concept of intelligent social navigation
emerges from the need to enhance robot adaptability and contextual awareness in dy-

namic human-shared environments.

One of the key challenges in this field is enabling robots to assist people beyond the limits
of traditional robotics expertise and to effectively understand and respond to human and
social cues, a process known as social perception [213, 214|. For successful interaction
with humans and an appropriate response to their requests and needs, service robots
should recognize and comprehend their interlocutor. This requires the development of
intelligent systems capable of engaging with users in a fluid and context-aware manner,
responding to social cues such as gestures, body language, verbal and non-verbal stimuli,

and spatial positioning.

As many other fields, the rise of artificial intelligence (AI) also impacted the HRI do-
main. In particular, the integration of LLMs with robotic systems has introduced a
transformative paradigm, providing unprecedented capabilities in natural language un-
derstanding and task execution [215]. Beyond perception, LLMs can be used to score
potential next actions and even generate action sequences directly from natural language
instructions, without requiring additional domain-specific knowledge. Several research
efforts have leveraged these capabilities to improve robotic perception, planning, and
decision-making in dynamic environments, exploring different methodologies to improve
interaction and adaptation. For instance, the LLM-GROP approach, presented in [216],
focuses on extracting commonsense knowledge from LLMs to infer semantically valid
object configurations and integrate them with task and motion planning to generalize to
varying scene geometry. In [217], the authors proposed a method to personalize house-
hold cleanup by learning user preferences for object placement. Their approach uses
language-based planning and few-shot learning with LLMs to infer generalized prefer-
ences from limited interactions. This enables robots to adapt quickly to different users

and apply learned preferences to future tasks.

More related to the social navigation domain, in [218|, the authors proposed a novel
hybrid approach called Socially-Aware navigation Large Language Model framework
(SALM), which integrates LLM and Deep Reinforcement Learning to navigate through
human-filled public spaces and provide multiple social services. SALM infers global plan-
ning from human-in-the-loop commands in real-time, and encodes social information into

a LLM-based large navigation model for low-level motion execution.

Despite the growing use of LLMs across various sectors, enabling service robots to per-
ceive and interpret contextual and environmental cues remains an open research chal-
lenge. This capability would allow robots to act as socially intelligent agents, adapting
their actions to the social context (Fig. 4.17). For example, a robot could accompany a

user, follow them to a destination, or approach a group interested in interacting. Un-
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Figure 4.17: Social robot operating into a human-shared scenario.

derstanding the operational context would also enable robots to consider social and
psychological factors, such as maintaining appropriate interpersonal distance based on

emotional state or adjusting speed to match the user’s age and mobility.

In [5], we propose a two-layer architecture that modulates navigation constraints for a
social robot based on its operating environment:

e the high-level reasoning layer uses LLMs to perceive contextual and environ-
mental cues from the social context. Based on this information, the LLMs generate
low-level constraints that guide the robot’s navigation, ensuring its movements are
natural and socially acceptable. For example, social factors such as the required
distance the robot must maintain from the user and its maximum allowable speed
influence navigation decisions. Additionally, the robot’s navigation mode, cate-
gorized as reach, follow, or accompany, is dynamically adjusted according to the
surrounding context;

e the low-level layer handles navigation using CBFs as a reactive method. Using
a reactive approach, the service robot can dynamically adjust its control, ensuring
smooth and socially acceptable interactions with users. Leveraging the high-level
reasoning layer, the low-level navigation system incorporates social constraints,

enhancing user safety and acceptance of the robot’s behavior.

4.2.1 Large language model

LLMs, widely used in robotics, automation, and interactive systems, generate and inter-
pret human-like text and support structured decision-making. A key feature is Function
Calling (FC), which enhances their utility by enabling structured outputs that external
systems can execute. This ensures responses adhere to predefined formats, improving

reliability—an essential aspect for tasks like robotic navigation.

In this context, LLMs can be represented as a function approximation:
f¢ PxS—>T,
where fy is the LLM function parameterized by ¢ (the actual domain), P is the space of
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natural language prompts, S is the set of the functions schema, 7 is the space of possible
structured text outputs. Given a function schema s (e.g., the robot function to call)
and a natural language prompt p, the LLM function generates a mapping fy(p,s) — t*,
where t* € Tg, the subset of outputs conforming to §. The structured output t* is parsed
into a function call: ¢ : Ts — &£ where &£ is the set of executable robot operations, which

finally maps the selected function to call to a specific robot behavior.

4.2.2 Social zones

Along with navigation constraints, another important element regards the social zones.
Social norms, often implicit and unspoken, are challenging to define and implement in
robotics. When robots move to avoid humans, it is important to ensure not only phys-
ical safety, which prevents collisions, but also psychological safety, which avoids causing
disturbance or discomfort to people [219]. Proximity plays a key role in avoidance be-
haviors, with research on proxemics examining personal space, a fundamental aspect of

social convention that, when invaded, can cause discomfort.

Using the procedure exposed in [220] and considering a and b as generic Cartesian coordi-
nates, the human social interaction space is modeled as a two-dimensional asymmet-
ric Gaussian function, f(a,b): R x R — Ry, centered at the user’s position (zg,ym),

which is determined as follows:

_((dcos (2'v))2+(dsin (;))2)
fla,b)=e  *a b, (4.28)

where:

d=+/(a—zu)?+ (b—yn)%
0 = atan2((b —yg), (a —xg)),

v
6P° = rotation of the function f minus 5

v =60 — 0P converted in (—m,7].

The values of o, and o3 in (4.28) vary among oy, oy, os and o, according to v in the

four different quadrants, as shown in Fig. 4.18.

Thus, by arbitrarily choosing [, the length of the square representing the intimate zone
of a human, and the values of d;, according to [220], the four variances oy, oy, o5 and o,

for the function f(a,b) are calculated as follows:

1 [(d; +0.51,)?

5 10 ,with ¢ = {l, h,s,r}. (4.29)

g; =
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Figure 4.18: Human social interaction space.

Figure 4.19: Simulated scenario in Gazebo: the robot performs navigation tasks while adhering
to social navigation constraints. The environment also includes three static obstacles (red) and
a door (black).

4.2.3 Proposed framework

Consider a scenario where a robot navigates a social environment with static obstacles
(e.g., objects, stationary individuals) and dynamic ones (e.g., moving people). The robot
has access to contextual and environmental data, including user IDs, preferences, posi-
tions, and map data. As illustrated in Fig. 4.20, the proposed architecture enables the
high-level reasoning layer to interpret social cues and adapt navigation accordingly. If
certain information is unavailable, the robot retrieves it from a dedicated database (as
shown in [214]). The high-level layer also determines the appropriate navigation mode
by adjusting low-level navigation constraints. In particular, we consider the different sce-
narios where a user might need to reach a target position, be accompanied by the robot
or be followed by the robot. To this end, we introduce three navigation modes, which
we name reach, accompany, or follow. To ensure socially acceptable behavior, the robot
should maintain greater distance from users who appear uncomfortable and dynamically
adjusts its speed based on user characteristics, moving faster with younger individuals

and slower with elderly or impaired users.
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Figure 4.20: Proposed system architecture: high-level reasoning layer (red) and low-level layer
(blue).

System Architecture Referring to the architecture diagram shown in Fig. 4.20, after
the user request for robot assistance, depicted in orange, the high-level reasoning layer,
highlighted in red, processes the request along with contextual and environmental cues
extracted from the robot’s operational area. This layer then generates specific outputs via
FC, which are subsequently passed to the low-level layer, marked in blue. The low-level
layer employs CBFs to ensure smooth and socially acceptable behaviors while adhering
to social navigation constraints, such as collision avoidance, velocity limits, and angular
constraints. Furthermore, this layer continuously detects obstacles around the robot
using the check obstacles block and determines the optimal goal pose when the robot is

instructed to reach an individual or a group using the check goal pose block.

High-level reasoning Although the architecture conceptually allows for the integra-
tion of various types of contextual and environmental cues, our implementation specifi-
cally employs those highlighted in yellow in Fig. 4.20. Following the user’s input request
and the considered social cues, the high-level reasoning layer performs an initial FC re-
quest to determine whether the user intends to initiate a conversation with the robot,
be accompanied, be followed, or be reached at a specific location. Such FC request is
implemented through the request contexrt mentioned in Tab. 4.3, which contains sample

prompts specifying the robot context used in the FC processes.
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Following a human request, the high-level layer performs different queries to assess first
the contextual information and later the task to accomplish. In the first step, the robot
relies on the LLM engine to update some specific parameters of the interacting user. In
particular, based on the robot database and possible sensor input, the LLM engine of
the architecture retrieves fundamental information for the social intelligent navigation.
In the specific case of our work in [5], we considered the following parameters: the user
id or their name; the user’s category, classified as either slow (e.g., elderly individuals
or people with impairments) or fast (e.g., young individuals); the confidence score,
a numeric value indicating the user comfort with robotic systems; the user’s current
position, speed and target destination. Each field can be set to an unknown value

if the corresponding information is unavailable.

Next, by exploiting the information retrieved about the user and contextual environment,
and the explicit received request, the LLM executes a series of FC requests, using the
functions illustrated in Fig. 4.20. The FC outputs are mapped to specific robot behaviors
and then passed to the low-level layer of the architecture. These outputs include:

e the navigation mode, choosing between reach, accompany and follow;

e the robot maximum speed, related to the context included in Tab. 4.3, by
providing the LLM system with the robot mazimum speed context. This value will
be applied in the reach and accompany modes, while, in the follow mode, the robot
will use the human speed parameter as its maximum speed;

e the social zone distance, by providing the LLM with the social zone distance
context (see Tab. 4.3), based on Hall’s social zone and proximity distance defini-
tions [220]. This distance varies depending on the detected confidence score of the
user. It is used in the reach mode to determine the robot’s goal pose and in the
accompany and follow modes to set the distance the robot should maintain from
the user during the task. Additionally, this parameter is used as dj to compute oy,
in (4.29), which determines how far the robot should position itself in front of the
user. Meanwhile dj, ds; and d, are considered fixed, as a mobile robot positioned
behind or to either side of a human is generally less dangerous than one in front at

the same distance, as reported in [220].

The high-level reasoning layer is designed to retain user input requests relevant to the
same context within the LLM’s chat history. This prevents information loss, enhancing
the robustness of the architecture. For instance, if a user initially requests to be followed
into a specific location (e.g., the kitchen) but later the robot perceives discomfort or
confusion by the user, the high-level layer adjusts the navigation parameters accordingly
by leveraging the historical context of the interaction. However, when the context, and

thus the interacting user, changes, the layer resets the chat history.

Navigation framework The low-level layer is used as a navigation framework to per-
form reach, follow, and accompany tasks through the use of CBFs. Receiving input pa-
rameters from the high-level reasoning layer enables the low-level layer to execute smooth
robot movements with socially acceptable behaviors while adhering to social navigation

constraints. In particular, the navigation framework is defined by the optimization prob-
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Table 4.3: LLM system prompts list

request context

You are a robot navigation assistant. You know information about the most engaged user param-
eters: {json.dumps(most_engaged user.model _dump())} and the actual LLM output parameters:
{json.dumps(llm _output.model _dump())}
Based on the context of the user’s request, you are able, by utilizing the available tools {tools}, to
provide various outputs such as:
e The parameters needed to accompany a specific user in json format.
The parameters needed to reach a specific user in json format.
The parameters needed to follow a specific user in json format.
Reset the context when the interaction with the user is finished.
Provide the chat history.
Otherwise, anwers to generic questions.

robot maximum speed context

You are a robot navigation assistant with the following strict adherence rule:
- Reply only in the following format:
e robot maximum speed: < value > [m/s]
e short explanation of the reasoning
You have access to information about the user’s category parameter:
{json.dumps(most__engaged user.model _dump())}.
Your task is to determine the robot maximum speed following these rules:
e The robot maximum speed for the robot is a float value between 0.1[m/s] and 0.8[m/s].
If the user is Fast: the robot can move at a faster speed, prioritizing efficiency and responsiveness.
If the user is Slow: the robot should move at a moderate speed to ensure safety and comfort.
If the user is Impaired: the robot should prioritize safety and move at a slow speed.
If the user’s state is unclear, unspecified, or unknown, use the default robot maximum speed of
0.5[m/s].

social zone distance context

You are a robot navigation assistant with the following strict adherence rule:
- Reply only in the following format:
e social zone distance: < value > [m]
e short explanation of the reasoning
You have access to information about the user’s confidence parameter:
{json.dumps(most_engaged user.model _dump())}.
e A high confidence value indicates that the user is likely to prefer closer interaction with the robot.
e A low confidence value indicates the user may prefer more distance.
The social zone distance is a float value between 1.0[m] and 1.4[m]. Your task is to determine the
appropriate social zone distance based solely on the user’s confidence state, following these guidelines:
e Choose a smaller distance (closer to 1.0[m]) if the user feels comfortable (e.g., confident, relaxed,
open, calm, secure, reassured).
e Choose a larger distance (closer to 1.4[m]) if the user feels uncomfortable (e.g., anxious, nervous,
afraid, suspicious, restless, tense, worried, hesitant, defensive).
e If the user’s state is unclear, unspecified, or unknown, default the social zone distance to 1.2[m].

lem in (4.30), where collision avoidance, velocity constraints, and angular constraints are

considered as social navigation constraints, as expressed in (4.30b).

The control input u € R?, representing the velocity components v, € R and vy € R, is

computed with reference to the optimization problem in (4.2) as:

1

u(z),d = argmin = ||u — uges||* + mo> (4.30a)
u€eU,0€R 2

St hpa(2,0) 2 —a(hly(@)),

obs

||Um + Uy“ < VUmaz, (430b)
hfov(RpHa u) > _a(hfov(RpH)) — 0.
Here, the desired control input uges € R? is designed to drive the system toward the
target position xy € R2 relative to the current robot pose Tgct € RQ, which corre-

sponds to the first two components of the state z € R3. Thus, uges is computed as:

Udes = K (Ttgt — Tact), where K € R>( is a proportional gain. Moreover, we consider a
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slack variable § € R with a slack variable weight m € R>¢ in order to relax the angu-
lar constraint in cases where the constraint cannot be strictly satisfied due to system

limitations (e.g., the use of a differential-drive robot).

Within the navigation framework, the check obstacles module is responsible for con-
tinuously elaborating the laser scan data of the robot, generating a list of detected ob-
stacle positions, Z.s € R?, at a certain distance from it. Thus, the most constraining
barrier function A}, () can be defined using a smooth approximation of the min oper-
ator (4.3), leading to the constraint formulation in (4.30b). Regarding the non-linear
velocity constraint, given the robot maximum speed parameter, vy,q, € R>q, provided
by the high-level reasoning layer, the constraint is imposed by ensuring that the squared
norm of the velocity satisfies ||vy 4 vy|| < Vmaa as expressed in (4.30b). Exploiting the
methodology presented in [11, 188|, the FOV constraint in (4.30b) can be defined, as

shown in Sec. 4.1.4.

Within the navigation framework, the social zone distance parameter regulates the
robot’s interaction with humans across different navigation modes. In the reach mode, it
determines the optimal position for the robot to approach the interacting user based on
their location and orientation, following the procedure described in [221]. In the accom-
pany mode, this parameter ensures that the robot does not advance toward the target
destination if the distance between the robot and the user exceeds the predefined social
zone distance. Finally, in the follow mode, it prevents the robot from approaching the

user beyond the social zone distance.

4.2.4 Experimental validation

To validate the proposed architecture, we conducted Gazebo simulations with a differential-
drive robot operating at 50 Hz in a social environment, populated with different users
and unknown static obstacles, as shown in Fig. 4.19 and in the accompanying video®. As

LLM engine, we considered the llama3.1:8b and command-7rb models.

In the considered scenario, the goal of the robot is to assist the users to satisfy their
requests. To demonstrate the effectiveness of the proposed approach, we defined two
different use cases:
e reach: based on the environmental and social cues, the regulation in the reaching
behavior of the robot towards a specific user is assessed;
e follow-accompany: the capacity of the robot to infer the correct navigation mode,

modulating it based on sequential human requests is demonstrated.

Finally, to further evaluate the performance of the high-level reasoning layer, we assessed
the system’s accuracy in determining the correct navigation parameters. It is important
to note that the robot’s maximum speed and the social zone distance are empirically
constrained, as shown in Tab. 4.3. These constraints help prevent potential hallucinations

from the LLM engine, ensuring user safety.

SDOI: https://doi.org/10.5281/zenodo.15075165
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Table 4.4: Accuracy of the LLM output parameters in 100 different requests

Parameter Navigation Mode Max Speed Social Distance

Accuracy 87% 76% 85%
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Figure 4.21: Goal pose estimation for the two cases in the reach scenario assuming d;, ds, d, =
0.8 m and I, = 0.5 m. In (a), for the fast user case, the social zone distance is set to 1.0 m. In
(b), for the slow user case, the social zone distance is set to 1.4 m. The purple star represents the
user pose, while the red star indicates the robot goal pose, with the required robot orientation
shown by the red arrow.

Reach scenario In this scenario, two different user inputs are considered: “Hello I am
Userl. I am a young man and I am happy to see you. Please, reach me” and “Hello
I am User2. I am 86 years old and I have not confidence with robotics. Please, reach
me”. Following these requests, for the first user the LLM provides the following param-
eters: {navigation mode : reach, robot mazimum speed : 0.7, social zone distance :
1.0, goal pose : [0.0,0.0], human pose : [7.0,3.0]}. The justification for the robot max-
imum speed value was: “Based on your category as a young user, the robot can move at a
faster speed, prioritizing efficiency and responsiveness”. For the social zone distance, the
LLM explained: “User! is confident, relaxed, open, calm, secure, reassured”’. Regarding
the human pose, it is assumed to be known and it is used within the check goal pose
block in order to get the best goal pose. Initially, the LLM sets this goal pose to a null
value to reach the user. Figure 4.21a illustrates this process, showing the robot’s current
position, the users in the environment along with their social zones, and the selected goal
of the robot. In particular, using the procedure in [221], the robot goal pose (red star)
is determined as a position in the space that falls within the FOV of the users (dashed

green lines) and is outside their human social interaction space (blue area).

Similarly, for the User2, the LLM provided the following parameters: {navigation mode :
reach, robot maximum speed : 0.5, social zone distance : 1.4, goal pose : [0.0,0.0],
human pose : [9.0,1.0]}. Figs. 4.22 present the velocity plots for the two scenarios,
while Figs. 4.21 show the outputs of check goal pose, where the social zone distance

values are used to determine the goal poses.

Follow-accompany scenario In this test case, the user requests the robot to follow
them to a specific location (i.e., the black door in Fig. 4.19). The user is User3 and
request specifically the robot to follow them slowly.

In this context, the resulting parameters are: {navigation mode : follow, robot
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Figure 4.22: Velocity plots in the reach scenario. The robot’s speed is shown in black, while
its maximum speed is shown in red. In (a), for the fast user case, the robot maximum speed is
set to 0.7 m/s. In (b), for the slow user case, the robot maximum speed is set to 0.5 m/s.
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Figure 4.23: In the follow-accompany scenario, the top plot shows the robot’s speed in black,
and the robot maximum speed in red. The second plot depicts the distance between the user and
the robot in black, and the social zone distance in red. The dashed vertical green line separates
the follow navigation mode (left) from the accompany mode (right).

mazimum speed : 0.3, social zone distance : 1.2, goal pose : [10.0,—2.0], human
pose : [0.0,0.0]}. The justification for the social zone distance value was: “ User’s state
1s unclear, unspecified or unknown”. The human pose in the follow scenario is assumed

to be known.

Following an event, the user experiences discomfort by the presence of the robot behind
them and prefers to be accompanied by it that will drive the navigation. At this point, the
resulting parameters become: {navigation mode : accompany, robot maximum speed :
0.3, social zone distance : 1.4, goal pose : [10.0,—2.0], human pose : [0.0,0.0]}. The
navigation mode is updated and the social zone distance is modified with the following
justification: “The user feels uncomfortable, so a larger distance is appropriate”, while
the values of goal pose and robot maximum speed are retained from the previous context.
Finally, Fig. 4.23 presents the velocity and the distance between the most engaged user

and the robot in the follow-accompany scenario.
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Performance evaluation To validate the proper functioning of the high-level reason-
ing layer, different queries not involving the low-level layer of the architecture have been
performed. In particular, 100 different requests were sent, combining the three types
of navigation, specifying the user emotion and categories. Examples of these requests
are variation of the following “Hi, I am Mia. I am using a wheelchair. Please adjust
accordingly your speed and accompany me to the kitchen”, “Hey, I am Dylan. Stay far to
me while following me to the workshop” and similar. With the execution of these queries
we evaluated the number of correct parameters generation compatible with the provided
context. In particular, results have been manually checked to assess their correct feasi-
bility. Results of this test are reported in Tab. 4.4, where the accuracy (i.e., total correct
responses over all the requests) is reported for the three parameters, obtaining a mean

of the accuracy of 82%, demonstrating a satisfactory response from the LLM engine.
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4.3 Outlook

The studies presented in this chapter have addressed the problem of enabling socially
acceptable navigation in human-shared environments from both a control-theoretic and

a reasoning perspective.

The first part introduced a rigorous framework based on the combination of CBFs and
STL, which provides formal safety and spatio-temporal guarantees for mobile robots.
Through this formulation, navigation tasks can be completed while respecting veloc-
ity constraints, ensuring obstacle avoidance, and maintaining compliance with temporal
specifications. The proposed controller proved effective in simulation and real-world
experiments, demonstrating that safety-critical guarantees can be achieved even under
noisy localization and dynamic environments. However, while this approach ensures
mathematically verifiable behavior, it remains dependent on predefined constraints and

lacks contextual awareness beyond the encoded specifications.

Building upon this foundation, the second part of the chapter introduced the concept of
intelligent social navigation, where contextual and affective information are integrated
into the navigation loop through LLMs. In this framework, high-level reasoning is used
to interpret social cues, user characteristics, and environmental conditions, which are
then translated into low-level constraints enforced by the CBF-based controller. This ar-
chitecture enables the robot to adapt its behavior dynamically according to the perceived

social context.

As future work, a key direction will be to close the loop within the LLM-based reasoning
process itself. At present, the reasoning module is activated only upon explicit input from
the user. In future implementations, this loop could become autonomous, reactivating
the LLM after a fixed time interval or when a significant change occurs in the environment
or in the user’s internal state, such as a variation in emotional condition or engagement
level detected through multimodal sensing. This would enable continuous monitoring
and adaptation, allowing the robot to proactively update its understanding of the social
context and adjust its navigation parameters accordingly, ultimately moving toward a

closed-loop socially intelligent navigation system.
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Chapter 5

Main Findings and Future

Directions

In this thesis, the main focus was to investigate how the concept of social acceptance
in robotics can be realized through two interconnected pillars: wuser understanding
and soctal navigation. By combining human-centered design, physiological sensing, and
control theory, this work addressed social acceptance as a systemic property, one that
emerges from the interplay between perception, cognition, and action in human-robot

interaction.

By enabling robots to understand users through classification and biosignal analysis,
and to navigate socially through CBF-based STL motion planning and LLM reasoning,
this thesis laid the foundations for robotic systems that are not only effective, but also

trusted, accepted, and embraced by people in real-world contexts.

5.1 Main Findings

Throughout this thesis, several key contributions have been achieved, spanning theoreti-
cal, methodological, and experimental perspectives across the two main research pillars:

user understanding, and social navigation.

In Chapter 2, the concept of social acceptance in robotics was examined from a
systemic perspective, emphasizing its nature as a multi-layer property that combines
functional, behavioral, and socio-ethical dimensions of design. A systematic analysis
of requirements [7] revealed that social acceptance depends on several complementary
factors, each influencing how users perceive trust, safety, and transparency in robotic
systems. Building upon this analysis, an architecture for socially acceptable sys-
tems was proposed in [9]. This modular architecture integrates detection, reasoning, and
interaction modules designed to guarantee ethical, transparent, and trustworthy behav-
ior. It supports distributed implementation of social requirements across hardware and
software layers, ensuring compliance with human-centered regulations and promoting

scalability for different application domains.
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Chapter 3 focused on user understanding as a key enabling mechanism for social ac-
ceptance. The presented studies investigated how robots can infer the user’s mental and
emotional state by analyzing multimodal physiological signals. Through the integration
of EEG, ECG, GSR, and facial expression analysis [3, 13, 14], this work demonstrated
that psychophysiological indices can reliably estimate mental workload, stress, and en-
gagement during collaborative robot programming tasks. The findings highlighted that
variations in Alpha, Beta, and Theta EEG bands, together with heart rate variability
and electrodermal features, serve as strong predictors of cognitive effort. These results
have demonstrated that user understanding is not merely an auxiliary function, as it
can enable robots to adapt their behavior based on real-time perception of the user’s

cognitive and affective state.

Lastly, in Chapter 4, the focus shifted from perception to control, addressing social
navigation as the ability of robots to move safely in human-shared environments. To this
end, a motion planning framework based on CBFs and STL [1, 6, 10, 11| was developed to
ensure the satisfaction of spatial and temporal constraints under safety-critical conditions.
This framework enables robots to reach the target destination in respect of collision
avoidance, velocity regulation, and field-of-view constraint, even in uncertain or dynamic
scenarios. Further extensions introduced LLMs into the control architecture [5]. The
resulting system combined high-level reasoning with low-level control, representing a
significant step toward the realization of socially intelligent navigation, where robots
are capable of both understanding and adhering to human social norms while maintaining

technical reliability and safety.

5.2 Future Directions

While the methodologies proposed in this thesis have established a framework connect-
ing perception, cognition, and control for socially acceptable robotics, several research

directions remain open for future exploration.

First, the biosignals analyzed in controlled experiments could be incorporated into ex-
periments involving physical robots operating in social contexts. Embedding wearable or
contactless physiological sensing into the interaction loop would allow the robot to con-
tinuously monitor the user’s cognitive and emotional state, allowing dynamic adaptation

of speed, distance, or dialogue strategies.

A second direction concerns the combination of biosignal processing with LLMs. By
embedding physiological features into the input space of an LLM, it will be possible
to create reasoning systems that interpret both linguistic and physiological cues. This
multimodal representation could enable the robot to infer not only the semantic con-
tent of the user’s verbal expression, but also their affective and cognitive state, thereby

facilitating empathetic and context-sensitive responses.

Lastly, another possible direction is to close the loop between perception, reasoning,
and control. The information derived from the physiological and behavioral data of

the user will serve as feedback to the LLM reasoning layer, which in turn will update
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the low-level control policy. This closed-loop interaction between user understanding,
language-based reasoning, and robot control will represent a major step toward truly

adaptive and socially acceptable robotic systems.
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