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Abstract

This thesis investigates the interplay between Human Factors and the application

of collaborative robots (cobots). Speci�cally, by employing the Tower of Hanoi as

a tool, the experiments conducted aimed to explore how the cobot's size, speed,

and modes of collaboration a� ect trust, anxiety, mental workload, understanding

of the task, and performance.

The experiments for the analysis were carried out at SUPSI in Lugano and

involved 29 volunteers who had to solve the mathematical game of the Tower

of Hanoi together with a collaborative robot (cobot). The cobot models used are

ABB GoFa 15000 and igus ReBeL.

For the execution of each experiment, the work developed a system integrat-

ing a vision system and detection of game elements, a graphical user interface

(GUI), and an orchestrator coordinating the cobot operations. Additionally, a de-

tailed execution protocol was developed, along with a questionnaire inspired by

existing literature and a range of analysis techniques. This not only facilitated

the experiments outlined in this study but also paves the way for future research

and diverse analytical approaches.

The experiments compare the di� erent dimensions of the cobots, di � erent

linear speeds, and distinct collaboration modes, thus evaluating the impact of

each on the volunteers' Human Factors. For each participant, data on their levels

of trust, anxiety, mental workload are collected with subjective assessment tests

(PTM Scale, NASA-TLX, TPS-HRI, STAI) as well as through wearable devices, and

then analysed using parametric and non-parametric statistical tests (ANOVA, t-

test, MWU test, KWH test).

The results of these tests show that in the presence of a human-robot collab-

oration environment with a high perception of safety, the size and speed of the

cobot do not signi�cantly impact trust, anxiety and mental workload perceived

while cooperating with the robot, concerning the collaboration mode. However,
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with varying modes of collaboration between humans and robots, signi�cant dif-

ferences are noted for collaboration with voluntary operator input: in such cases,

mental workload is lower, along with a greater sense of "well-being," albeit at

the expense of longer task completion times. Furthermore, for every alternated

collaboration mode, trust and propensity to trust greatly increase, underlying

how in situation of perceived safety the way that human and robot interact has a

greater e� ect with respect to physical characteristics of the robot such as size and

speed.



Sommario

Questo lavoro di tesi indaga l'interazione tra i Fattori Umani e l'applicazione

dei robot collaborativi (cobots). In particolare, attraverso l'utilizzo della Torre

di Hanoi, gli esperimenti condotti mirano a esplorare come le dimensioni, la ve-

locità e le modalità di collaborazione del cobot in�uenzino la �ducia, l'ansia, il

carico mentale, la comprensione del compito e le prestazioni.

Gli esperimenti per l'analisi sono stati condotti presso la SUPSI a Lugano e

hanno coinvolto 29 volontari che hanno dovuto risolvere il gioco matematico

della Torre di Hanoi insieme a un robot collaborativo (cobot). I modelli di cobot

utilizzati sono ABB GoFa 15000 e igus ReBeL.

Per l'esecuzione di ciascun esperimento, è stato sviluppato un sistema che in-

tegra un sistema di visione e rilevamento degli elementi di gioco, un'interfaccia

utente gra�ca (GUI) e un orchestratore che coordina le operazioni del cobot. In-

oltre, è stato sviluppato un protocollo di esecuzione dettagliato, insieme a un

questionario ispirato alla letteratura esistente e a una serie di tecniche di analisi.

Ciò non solo ha facilitato gli esperimenti descritti in questo studio, ma ha anche

aperto la strada a futuri studi e a diverse approcci analitici.

Gli esperimenti confrontano le diverse dimensioni dei cobot, diverse velocità

lineari e diverse modalità di collaborazione, valutando così l'impatto di ciascuna

su i Fattori Umani dei volontari. Per ciascun partecipante, sono stati raccolti

dati sui loro livelli di �ducia, ansia, carico mentale con test e questionari dalla

letteratura oltre che attraverso dispositivi indossabili, e quindi analizzati utiliz-

zando test statistici parametrici e non parametrici (ANOVA, test t, test MWU, test

KWH).

I risultati di questi test mostrano che in presenza di un ambiente di collabo-

razione uomo-robot con una percezione elevata di sicurezza, le dimensioni e la

velocità del cobot non in�uenzano signi�cativamente la �ducia, l'ansia e il carico

mentale percepiti durante la cooperazione con il robot, riguardo alla modalità di
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collaborazione. Tuttavia, con diverse modalità di collaborazione tra esseri umani

e robot, si notano di � erenze signi�cative per la collaborazione alternata uomo-

robo con l'input volontario dell'operatore: in tali casi, il carico mentale è inferi-

ore, insieme a un maggior senso di "benessere", sebbene a discapito di tempi di

completamento del compito più lunghi. Inoltre, per ogni modalità di collabo-

razione alternata, la �ducia e la propensione a �darsi aumentano notevolmente,

evidenziando come in situazioni di percezione di sicurezza il modo in cui umani

e robot interagiscono abbia un maggiore e� etto rispetto alle caratteristiche �siche

del robot come dimensioni e velocità.



Chapter 1

Introduction

At �rst glance, the history of mankind might seem completely written by wars,

territorial conquers, armies and the spirit of revenge or restoration; in other

words, a boundless series ofpars destruensfeatures of humanity. Nevertheless,

looking at data, it is clear how scienti�c research, technical innovation and com-

mitment to enhancing life quality (in fewer words the pars construensof the hu-

man mind) have been the major cause of the greatest, if not only, “singularity”

since the beginning of history: the Industrial Revolution [1].

Figure 1.1: Industrial Revolution Singularity (source [2])

For the last two centuries di � erent technological “pillars” have driven the dif-

ferent evolution phases, as depicted in �gure 1.2a. While recent conversations

focus on Industry 5.0, technologically, it does not signi�cantly diverge from In-

dustry 4.0. The latter is characterised by the integration of digital technologies,

automation, and data exchange in various aspects of manufacturing. In this con-

text, a signi�cant role is played by robotics. Robotics is employed to automate
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manufacturing processes, enhancing e� ciency and accuracy.

(a) Industrial Revolutions Evolution (b) Industry 4.0 Paradigm

Traditional robots have been designed to replace men in hazardous or alienat-

ing tasks [3], [4]. However, the last decade has brought a signi�cant shift of inter-

est towards how robots can coexist and support workers while improving their

working conditions. This kind of collaborative robotics (more details in 2.1.4) is

becoming of paramount attractiveness not just for academic purposes, but also

for enterprises and investors. Sign of this trend is the noteworthy impact that

collaborative robotics is starting to make on the automotive industry (the largest

market sector for industrial robots) as stated in Bogue R.'s analysis [5]. On the

academic research side, �gure 1.2 illustrates how the amount of publications on

collaborative robotics tremendously increased in the 2016-2019 period.

Figure 1.2: Publications using “collaborative robot” or “cobot” in the title or as

a keyword as of 2020 (source [6])

Nevertheless, this kind of innovation does not a � ect only how robots work

inside factories, but it propagates instead also in work spaces, logistics, job plan-

ning and, most of all, human workers.
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Humans are taken into great consideration in the evolution of robotics, such

that every research that deals with robotic innovations also investigates their

implications on the so-called Human Factor (HF). HF is a wide term that com-

prehends characteristics related to workers involved in industrial tasks: not just

physical aspects, such as ergonomics, fatigue or dexterity are taken into consid-

eration, but the study of HF inspects also feelings, emotions, comfort, fears and

hopes.

Returning to Industry 5.0, its noteworthy step from Industry 4.0 is in the

human-centricity that revolutionises the relationship between humans and intel-

ligent systems, hence cobots. In the words of Leng et al. [7], this new stage of

industrial evolution “can be considered as the era of the socially intelligent fac-

tory, in which cobots converse with people”.

1.1 Problem statement

The adoption of collaborative robots brings bene�ts but also challenges.

Collaborating closely with a cobot, despite its design for such interactions, re-

mains fundamentally an engagement with an automation device. Consequently,

for e� ective integration in an industrial setting, comprehending the responses

and emotions of a human worker in proximity to a robot is essential.

This work investigates the e� ects on HF of the cooperation between humans

and di � erent models of cobots in di � erent collaboration modes.

The task consists in solving the Tower of Hanoi (TOH) game, a mathemat-

ical puzzle, with collaborative robots that can vary according to three factors:

size (big robot and small robot), velocity (fast and slow) and collaboration modes

(triggered and di � erent kinds of alternated collaboration).

Propensity to trust, trust, anxiety and mental workload are the HF taken into

consideration in the current research, whose aim is to determine whether any of

the factors previously cited in�uences the HF analysed.

The study also investigates usability, safety, quality of collaboration, Key Per-

formance Indicators (KPI) and other characteristics related to the topic of HF and

their development.
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1.2 Thesis achievements

The current work sheds light on the topic of Human Robot Interaction (HRI)

with collaborative robotics applied in a serious game. The work designed, de-

veloped and integrated a system that underpins experiments to investigate HRI

through the TOH. The system is complemented by the formulation of various ex-

periments, alongside their execution protocols, which encompass questionnaires

and analysis methods. This not only supported the experimental activities de-

tailed in this study but also opened avenues for further extension and diverse

analyses in the future.

The results of this work show how “physical” characteristics of a cobot, such

as size and speed, seem to have a lower impact in HF development on a worker if

compared to collaboration mode ( i.e. the ways that the human interacts with the

robot). In detail, the collaboration that allows the human to activate directly the

cobot, instead of waiting for a timer, registered lower levels of mental workload

felt by the operator. A signi�cant trade-o � in terms of time to complete the task

emerges, and hence in quality of the performance.

1.3 Thesis structure

The remainder of this document is structured as follows. Chapter 2 provides

an overview of robotics and HRI, with a deeper insight into the case of coopera-

tion during “serious games”. The third chapter presents the equipment used to

carry out the experiments: initially, the robots, camera and technical apparatus

are detailed and illustrated as well as its framework, while the second part of

this chapter contains information about the means employed to collect data ( i.e.

questionnaires, wearable devices and KPI).

The protocol of the experiments is the main topic of Chapter 4, which thor-

oughly describes how each test session has been prepared and which condition

variables have been changed from one trial to another. Chapter 5 illustrates the

results obtained from the previously described experiments, as well as the ex-

planation of the analysis methods performed. It anticipates the conclusions and

achievements that are, �nally, analysed in Chapter 6 along with the limitations

of the current study and experiment.

At the end of this thesis work are attached a series of “Appendix” sections that
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include further details not described in the main dissertation, such as the text of

the questionnaires used, the design of the 3D-printed parts and the algorithms

that make the system work and communicate.
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Chapter 2

State of the art

The �rst half of this chapter introduces a brief history of robotics up to the cur-

rent research on cobotics, investigating HRI in serious games, in the TOH task

and its applications, while the second part focuses on the state of the art on the

topic of HF.

2.1 Human and Robots

2.1.1 Origins and Development of Robotics

Among the great technological breakthroughs of the XX Century, robotics de-

serves a special mention for its outcomes in industry, sci-�, everyday life, and

collective imagination. Despite its clear connection with science and technology,

the word robot has literary origins: it comes from the Czech word robota, which

means “corveé” or “serf labor”. It was �rst used as the name of the humanoid

mechanical creatures in R.U.R. - Rossum's Universal Robots[8], a 1920 play by the

Czech writer Karel · apek. In this work, however, the robots were more similar

to androidsor cyborg, and the only thing in common with the modern machines

was just the level of automation.

Less than 20 years later, American writer Isaac Asimov popularised the term

and the concept of robotics [9] and brought attention to the importance of rela-

tion and coexistence between human beings and robots. It is necessary to wait

until 1960 to see the �rst patented modern industrial robot at work: Unimate

(which can be seen in �gure 2.1 [4]), a 6 joints anthropomorphic manipulator,

invented by US engineers J. Engelberger and G. Devol and employed to transport



12 State of the art

die casting pieces, a dangerous task if performed by workers.

From there robotics evolved and keeps evolving in many application �elds:

nowadays we see robots working in industry, operating in hospitals, playing with

children, serving as waiters in restaurants, preparing cocktails and assisting el-

derly people.

It is worth noticing how robots e � ectively became helpful to human opera-

tors, by supporting them, improving their work and substituting them in case of

repetitive, alienating or hazardous tasks: a sharp contrast with the Luddism-like

vision typical of early science �ction works that only depicted robots as a menace

for humanity.

Year after year scientists have started seeing robotics also as a mean to assist

and help and robots as entities to collaborate rather than only the original con-

cept of substitution of human workers: for this reason, the research on HRI has

considerable signi�cance and a great deal of studies has been published on the

matter in recent years.

While the trend for the current decade seems to be “collaborative robotics”, as

reported by the study of Knudsen and Kaivo-oja [6], before analysing that topic a

brief introduction on HRI in non-industrial cases: robots and serious games and

robots and learning.

Figure 2.1: Unimate robot model

2.1.2 Robots and Serious Games

Serious games or tasks have been widely used in literature, mainly to study hu-

man emotions and stress.
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There is no o� cial de�nition for the concept of “Serious Game”, nevertheless,

borrowing the word of Susi et al. [10], it may be said that: “serious games is

not merely the application of games and game technology for non-entertainment

purposes, in domains such as education, health, etc. In our view, games should

be engaging and motivating, which is advantageous for, e.g., the development of

a variety of skills and abilities”. Following this de�nition it might be pointed

out that serious games do not focus on pure entertainment, as the “classical”

ones, while they aim to engage the user, contribute to the attainment of a speci�c

purpose and study the problem-solving process, relying more on the decisions

taken by players rather than random factors, which are more frequent in games

only designed for fun.

Even though the e� ectiveness of learning through serious games is yet to be

proven (as the research of Coller et al.[11] states), many are the examples of such

tools that show how serious games can provide an engaging approach towards

training and education, in logistics, manufacturing, decision making and various

other di � erent �elds, as con�rmed by Mattei et al. [12].

Serious games may include collaboration, or even competition, with another

player or entity to reach the predetermined purpose; in this regard some studies

made use of robotic assistants, investigating more also on Human-Robot Interac-

tion and its e � ects while solving this kind of tasks.

The robots used for this kind of purpose are mainly the so-called “social

robots” which directly communicate with the human cooperator through a vo-

cal synthesizer or with gestures. Examples of these social robots are “iCat” (used

in Bartneck et al. [13] and Sanghvi et al. [14]) or “Leonardo” (in Dang [15]) or

more in general all those systems which make use of the “Wizard of Oz” method.

Wizard of Oz method (de�ned in Dahlback et al. [16]) is a technique often

used in HRI that forces a robot (at least in the most complex tasks) to be com-

pletely and remotely controlled by a human operator, while it is working with a

human partner (totally unaware of this control scheme). This method is widely

used as “it provides a very �exible way to implement complex robot behaviour

within a quick time-scale” (by Walters et al. [17])

However, the evolution of robotics allows more and more often the possibility

to avoid this control scheme and use directly an autonomous robot system to

interact in a game scenario with a man: Matuszek et al. [18] employed a 6-dof
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manipulator to make it compete with children in a chess match. The current

study rejects the Wizard of Oz method to study a more realistic scenario where a

robot directly collaborates with a human partner in a traditional game-like task:

the Tower of Hanoi.

2.1.3 Tower of Hanoi

The TOH is a mathematical puzzle game characterised by three vertical pegs and

a number d of disks with a central hole and increasing external diameter (see �g-

ure 2.2). It was believed that the origin of this game was related to Vietnamese

and Indian mythology. However, it is now recognised that the puzzle was in-

vented by French Mathematician Édouard Lucas in 1883.

The game usually starts with all the disks stacked on a peg. They might be

also positioned in a random con�guration on the three pegs. The �nal goal is to

build a complete stack (the tower) in one of the other two pegs making one move

at a time, following three rules:

1. Only the higher disk of a pile can be moved during a turn, the player cannot

take two or more nor one in the middle or bottom of the pile;

2. Disks must be positioned only on one of the three pegs and cannot be left

in the hand of the player or on the table;

3. A disk can only be transferred to a peg in which it is the smallest ( i.e. no

larger disk on top of a smaller one).

Figure 2.2: A Tower of Hanoi set with 7 disks

The TOH is widely adopted in literature since i) the algorithm that provides

the optimal solution is an epitome of recursive programming (as it can be seen in
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Anderson's research [19]) and ii) the process to �nd the minimum solving path is

far from trivial, despite being a game with elementary mechanics.

Many studies that made use of the TOH have been performed in the �eld of

HRI; for instance, the works of Wright et al. [20], Charisi et al. [21] and Resing et

al. [22] exploited TOH as a task to be performed by a robot in collaboration with

a child, to assess, respectively, children's learning process with di � erent levels

of robot vocalisation, how voluntary robot intervention a � ected the performance

concerning a turn-taking interaction and how the completion rate changed intro-

ducing a pre-task instruction session with the robot as the “teacher”.

HRI has been inspected through the TOH not only with children: Wainer et

al. [23] demonstrated how the physical presence of a robot in executing the task

improves the performance and the social perception of the human. The study on

the e� ects of anthropomorphism in robotics by Onnasch et al. [24] surprisingly

revealed how the willingness to donate money and help a robotic machine to

overcome some malfunctions decreases with a more human-like robot partner

after a TOH collaboration task.

In various types of research, the TOH was used as a “tool” to measure stress

and fatigue levels of human operators, while doing a job. In the two experiments

of Chacon et al. [25] and [26] the TOH is a secondary task concerning a main

assembly job performed in collaboration with a robotic arm; in fact, the perfor-

mance reached by the human while solving the puzzle allows assessing the level

of cognitive fatigue and workload of the operator, due to the high level of mental

energy required to �nd the solution quickly. Regarding this use, Hardy D.J. and

Wright M. [27] analysed the variation of the perceived workload of a person after

solving di � erent-sized TOH, to test the accuracy and validity of the NASA Task

Load Index (NASA-TLX).

Eventually, JerÖiÕet al. [28, 29] set up two HRI experiments that are part of

the basis on which the current work relies. Two studies investigate which emo-

tions are elicited in a human-robot collaboration consisting of solving the TOH.

The �rst work collects useful data through speci�c questionnaires. In contrast,

the second relies on physiological measurements (both are treated further in this

research). In both cases, the experimental conditions are: i) Solo, the human

works alone; ii) Human Collaborator, the human cooperates with another human;

iii) Direct Robot Collaborator, the human collaborates with a robot only focused in
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solving the task; iv) Non-Direct Robot Collaborator, the human collaborates with

a robot that makes further movements apart from the ones strictly related to the

task completion.

Following the path outlined by the previously cited studies, the current work

aims to exploit the TOH as a collaborative game assess of some speci�c HF. Before

doing so, though, is required a deeper insight into what “Collaborative Robotics”

means.

2.1.4 Collaborative Robotics

Industrial automation and robotics grew with increasing pace in the last decades,

up to a point where it became common to see robotic systems applied in factories

worldwide.

Researchers in the past years moved towards the study of a new kind of robot

that can operate in the same workplace as humans without the need for fences

or physical barriers and that directly interact with the workman: these machines

are called collaborative robotsor, simply, cobots.

Despite this term was born in a scienti�c and then-futuristic 1999 article by

Peshkin and Colgate [30], the �rst industrial collaborative robot was commer-

cialised in 2008; the model was the UR5 of Universal Robot and it was applied

to load a CNC machine. However, since then, almost every robot manufacturer

(KUKA, ABB, FANUC, UR, etc...) has a cobot model in its product portfolio. This

new technology �ts perfectly in the paradigm of Industry 4.0, which revolves

around reducing costs and increasing e� ciency, productivity and, most of all,

�exibility of production systems.

Flexibility is “the ability to change the behaviour of a system without a � icting

the e� ciency of the system and to wield a large variety of components and pro-

duce a wide mix of products” [31]. It appears trivial that it is not a characteristic

of traditional robotics and automation, which is fully dedicated to performance,

accuracy and high repeatability. By contrast, cobotics successfully guarantees

high levels of �exibility inside a system, due to its close interaction with human

workers, and, at the same time, to keep a relatively high e � ciency and produc-

tion rate. As underlined in the study of Dalle Mura and Gini [32], this feature

is essential to the shift from classical manufacturing and mass product indus-

try (that relies more on traditional automation) towards mass customisation and
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agile manufacturing, declared milestones of Industry 4.0.

However, �exibility, agility and versatility are not the only key di � erences

between this new kind of robotics and the previous one. Collaborative robots

stand out from traditional robotics in various aspects: their cost is signi�cantly

lower (around 30'000 USD vs 80'000 USD of a traditional robot), their size, speed

and weight are much lower than the traditional ones and their focus is on the

collaboration with the human, pivoting on, as previously stated, �exibility, safety

and easiness of use.

The collaborative robot market is rapidly growing not just in the academic

research side but also in the industrial sector and more and more studies are

optimistic about the levels of global revenue that this technology might reach in

the near future (Sharma [33] expects a total of $7.6 bn in 2027, while according

to Murphy A. [34] it might already top $9 bn in 2025).

2.1.4.1 Types of Collaboration and Cobot Applications

Bauer W. et al. [35] describe collaboration as the most advanced stage of HRI:

Figure 2.3: Levels of Human-Robot Interaction (source [36])

1. Cell : The robot is separated from the human through a fence (e.g., tradi-

tional robotics);

2. Coexistence: human and cage-free robots work alongside each other but do

not share a workspace. Humans can work away, but may need to access the

workspace of the robot sporadically;

3. Synchronization : the human worker and the robot share a workspace but

only one of the interaction partners is actually present in the workspace at

any one time;



18 State of the art

4. Cooperation : human worker and the robot share the same workspace but

they do not work simultaneously on the same product or component;

5. Collaboration : Human worker and robot work simultaneously on the same

product or component.

Even so, the implementation of robots that can be fully collaborative is still

limited, especially in industrial cases, where traditional automation is preferred

for its higher speed and production rate.

In this regard, every time that the word collaboration is used in the current

study, we will resort to the ISO 10218-1:2011 de�nition of collaborative opera-

tion: “State in which purposely designed robots work in direct cooperation with

a human within a de�ned workspace”.

In addition to that, a simpli�ed, but still signi�cant, classi�cation of the main

applications of cobots might be built on the work of Vicentini [37], on the one of

Sherwani et al. [38] and on the most recurrent experiments in literature:

• Assembly Operation: the act of joining together components and parts with

semi-permanent methods or permanent methods ( e.g.screwing);

• Part Handling: the act of handling materials to allow the human operator

to work on it in the most comfortable way ( e.g.handling a piece that has to

be polished);

• Assisted Handling: use the end-e� ector as a handle of a tool to guide it

during an operation ( e.g.drilling);

• Machine Tending: loading or unloading a manufacturing machine before

or after an operation;

• Product Inspection: assist the human operator in quality check operations

through vision sensors;

• Kitting: prepare a batch of variable dimensions through pick-and-place ac-

tivity;

• Welding.

Assembly operations are certainly the most studied and explored collabora-

tive task. In fact, it is the typology of activity where it is simpler to make humans

and robots work together on the same piece while maintaining a certain inde-

pendence of both actor's actions. The study performed by Casalino et al. [42]

investigates the assembly of a PCB board. Malik et al. [43] observed a robot while

mounting a linear electric actuator, or even an experiment realised by KUKA [44]
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