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1. Introduction
Industry 5.0 emphasises the integration of
human-centricity within technological advance-
ments, highlighting the importance of human
emotions and interactions in the evolution of in-
dustrial technology. In other words a renewed
focus on Human Factors (HF).
In this context, industrial robotics is also evolv-
ing in a direction where these machines are not
seen just as substitutions for human beings but
also as tools to interact and cooperate with.
In an era where robots are becoming more com-
mon and close to human activities, the urge to
investigate the consequences of Human-Robot
Interaction (HRI) is becoming of primary im-
portance. In industry, HRI is evolving towards a
more sophisticated type of robots: collaborative
robotics, i.e. the cooperation between humans
and robots in the same workspace and on the
same piece without the need for fences.

2. Problem Statement
The adoption of collaborative robots brings
benefits but also challenges. Despite its de-
sign for such interactions, collaborating closely
with a cobot remains fundamentally an engage-

ment with an automation device. Consequently,
for effective integration in an industrial set-
ting, comprehending the responses and HF of
a worker in proximity to a robot is essential.
This work investigates the effects on HF of the
cooperation between humans and different mod-
els of cobots in different collaboration modes.
The task consists of solving the Tower of Hanoi
(TOH) game, a mathematical puzzle, with a col-
laborative robot that can vary according to three
factors: size (big robot and small robot), ve-
locity (fast and slow) and collaboration modes
(triggered and different kinds of alternated col-
laboration).
Propensity to trust, trust, anxiety and mental
workload are the HF taken into consideration in
this research, whose aim is to determine whether
any of the factors previously cited influences the
HF analysed.

3. State of the Art
A wide set of studies focused on HRI makes
mainly use of serious games, such as the TOH.
The TOH is a mathematical puzzle game with
three vertical pegs and a number d of disks with
a central hole and increasing external diameter
(see Figure 1).

1



Executive summary Giovanni Ploner

Figure 1: A Tower of Hanoi set with 7 disks

The final 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: i) 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; ii) 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; iii) 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); 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 An-
derson’s research [1]) and ii) the process to find
the minimum solving path is far from trivial, de-
spite being a game with elementary mechanics.
Many studies that made use of the TOH have
been performed in the field of HRI; for instance,
Charisi et al. [3], Chacon et al. [2] and Jercic
et al. [7] made researches on how the collabora-
tion between human and robot affects feelings,
fatigue and performance during a TOH task.
In addition to that, a great deal of researches in-
vestigates the consequences of human-robot col-
laboration not just in a serious-game context,
but also in industry and in the branch of cobotics
(collaborative robotics). As the cobot market
keeps increasing [10] also HF gains more and
more importance in academic studies. The anal-
ysis of Faccio et al. [4] provides a classification
of the main HF which includes the ones analysed
in the present research: mental workload, anxi-
ety and trust. Mental workload regards the lev-
els of cognitive stress and strain perceived by a
human while doing a task; anxiety (or state anx-
iety) refers, instead, to the fearful and stressful
emotion that a worker feels in a specific moment;
and trust is divided into propensity to trust ma-
chines and trust that a human has towards a sin-
gle robot to do its job proficiently. Trust towards
a robot is "the attitude that the robot helps to
achieve a goal in a specific situation, related to
the worker’s understanding of the robot’s abili-

ties and the limitations" [4] and it is influenced
by robot-related factors (such as safety, failure
rate, anthropomorphism, ...), environmental fac-
tors (task complexity, communication, context,
...) and human-related ones. Propensity to trust
machines is part of these last factors category,
and it is the disposition of a human being to
trust that the robot will work proficiently.
The methods to measure these HF consist
mainly of questionnaires and subjective assess-
ment tests deeply used in academic research.
The ones used in the current investigation are
listed in section 5.2.
Also physiological parameters are considered
to study better levels of mental workload:
RMSSD* and LF/HF* ratio are two factors de-
rived from an electrocardiogram (ECG) signal
which represent the level of mental well-being
(the former) and stress (the latter), as shown
in various researches ([9] and [12]). In the cur-
rent study, the two parameters are normalised
according to their levels at rest for each volun-
teer: the analysis, then, investigate RMSSD*
and LF/HF* values, as in the case of Messeri
et al. [9].

4. Experiment Setup and
Equipment

The experiments were conducted in the SUPSI
MiniFactory 4.0 in Lugano, Switzerland. The
equipment to conduct the experiments includes
two types of cobots, an igus ReBeL (in figure 2)
and an ABB GoFa 15000 (in figure 3), as well as
the 3D-printed TOH features (disks and pegs), a
vision system, a Graphical User interface (GUI)
and ArUco markers for the detection.

Figure 2: igus ReBeL setup

The communication architecture developed for
this research connects all the parts of the sys-
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Figure 3: ABB GoFa 15000 setup

tems. The interaction between the human and
cobots in the same environment is possible, as
illustrated in figure 4.

Figure 4: System’s communication architecture

The human worker can act directly on the TOH
system or send an activation signal to the orches-
trator through the GUI. At the same time, the
orchestrator receives the current TOH configu-
ration through the vision system, computes the
optimal next move and sends the instructions to
the cobot. At this stage, all the pieces of equip-
ment communicate with each other through
MQTT protocol sending and receiving .json
messages. The communication method between
the orchestrator and the robot varies depending
on the collaborative robot model used. For the
ABB GoFa 15000, it establishes a direct con-
nection with the orchestrator through an Ether-
net link, utilising socket communication. Con-
versely, with the igus ReBeL, the orchestrator
employs the MQTT protocol to communicate
with an industrial Raspberry Pi board, which
subsequently triggers the cobot’s physical digital
inputs based on the orchestrator’s instructions.

To collect physiological data from participants
to analyse levels of RMSSD* and LF/HF* ratio,
the following wearable devices are used: polar
verity sense armband and polar h10 chest band.

5. Protocols
5.1. Experiment Protocol
The experiment protocol is divided into three
phases: i) pre-task phase, ii) task phase and iii)
post-task phase.
In the pre-task phase, volunteers are introduced
to the TOH game rules and the research pur-
poses, along with the type of robot used. They
wear physiological data collection devices after
filling out the consent form, enabling baseline
parameter recording lasting 3-4 minutes. A sim-
plified version of the TOH game is demonstrated
to familiarise volunteers with the robot and the
task. The phase concludes with a questionnaire
segment assessing previous robot experiences,
initial trust, and anxiety levels.
During the task phase, volunteers enter the
workspace with the robot to commence the task.
They select collaboration modes from the graph-
ical user interface (GUI) before initiating the
game. The first move is made by the human
in any collaboration mode, while physiological
data collection and Key Performance Indicators
(KPI) assessment occur.
The study considers three main variables: cobot
model (igus ReBeL and ABB GoFa 15000)
and hence its size (respectively small and big),
cobot velocity (fast or slow), and collabora-
tion mode (triggered and alternated with input,
with countdown, or mixed). Triggered collab-
oration defines a collaboration mode in which
the robot intervenes only when the human wants
(through an activation button on the GUI); al-
ternated collaboration, instead, is a turn-taking-
based collaboration mode and fixes the number
of robot intervention: in alternated with count-
down move the cobot makes its move every 5 sec-
onds from the time that it has completed its pre-
vious move; in alternated with input the cobot
moves only after an input signal from the human
worker; and in mixed collaboration the alterna-
tion between human and robot happens after 7
consecutive moves. Experiments are categorised
based on the combination of these variables, en-
abling statistical analysis to identify differences
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caused by varying experimental conditions.
Once the task has been completed, the partici-
pant moves toward the third and last phase of
the experiment. The robot stops and the vol-
unteer and fills in the post-task questionnaire.
Each experiment sessions with all the three
phases considered lasted around 25-30 minutes.

5.2. Analysis protocol
Data collection is performed also through two
questionnaires. The first one is administered to
the participants before the task and contains an
initial demographic survey as well as three dif-
ferent tests on HF levels: Propensity to Trust
Machines Scale [8] (PTM), State-Trait Anxiety
Index [13] (STAI) and Trust Perception Scale
for HRI [11](TPS-HRI). Participants fill in the
second questionnaire after completing the task,
and it comprehends the same three tests of the
previous one, including the NASA-TLX [6], a
1988 widely-used rating procedure that assesses
mental workload, and a set of questions related
to HRI and the quality of the collaborative task
just executed.
Regarding the other data collected, RMSSD*
and LF/HF* parameters are obtained after a
processing phase via Python, with library hrv-
analysis of the raw data collected with the wear-
able devices.
In addition, a set of KPI is defined to make as-
sessments on the quality and efficiency of the
task execution: the complete list of them is avail-
able in figure 5.

Figure 5: Key Performance Indicators

The analysis of data is performed by making use
of various statistical tests: i) Student’s t-test,
ii) Mann-Whitney U test (MWU), iii) One-way
ANOVA, iv) Mixed ANOVA, v) Kruskal-Wallis
H test (KWH). The statistical open source soft-

ware JASP is used to perform all the statistical
analyses. T-test is used to compare the means
of two normally distributed samples, ANOVA
when the samples are three (and with repeated
measures for mixed one) and MWU and KWH
are respectively their non-parametric versions.
le inside the analysis is only one Mixed ANOVA
is used to detect differences between groups
divided into two independent variables: the
between-subject variable and the within-subject
variable (i.e. the repeated measures). In the
present analysis, the within-variable is called
Time and its values are "Before" or "After"
(i.e. pre-experiment and post-experiment); the
between-subject one, instead, is the type of ex-
periment identified by its code.

6. Results and Discussion
The experiments involved a total of V = 29
volunteers (M = 20, F = 9) from SUPSI.
This demographic composition suggests a youth-
ful participant pool, with almost 70% of peo-
ple younger than 30. Additionally, it was found
that 62% of participants had no prior experi-
ence working with cobots, likely due to their aca-
demic backgrounds. Previous experiences with
cobots among volunteers were generally positive,
with only one participant reporting a negative
experience resulting from a laboratory incident.
The analysis begins with the comparison be-
tween triggered and alternated collaboration
modes. Results show no significant differences
in propensity to trust, trust, mental workload or
anxiety between the two modes. However, trig-
gered collaboration resulted in fewer cobot acti-
vations but more moves to complete tasks than
alternated collaboration (U = 24, p < .05,).
Hence, in triggered collaboration mode people
preferred to solve the game alone, as a personal
challenge, and were less motivated to activate
the robot.
Analysis of different cobot sizes shows no sig-
nificant differences in propensity to trust, trust,
anxiety, or mental workload. Despite variations
in cobot size, human perceptions remain consis-
tent. Hence, it is possible to conclude that cobot
size does not significantly affect human factors.
The tests revealed that higher cobot velocity
positively influences propensity to trust, lead-
ing to increased levels of trust post-collaboration
(F (1, 6) = 21.440, p = .004, η2p = 0.781). How-
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ever, velocity does not significantly impact over-
all trust levels or anxiety. These findings sug-
gest that while cobot velocity influences propen-
sity to trust, other factors such as predictabil-
ity, safety and reliability may play a more sub-
stantial role in determining overall trust levels
(according to Hancock et al. [5] propensity to
trust is just one of the components that af-
fect the development of overall trust). Mental
workload is not affected by cobot velocity either
(t(6) = 1.222, p = 0.268).
The last group of comparisons regards three
modes of collaboration with a robot: collabora-
tion input, collaboration with countdown, and
mixed collaboration. The study finds that trust
(F (1, 13) = 1307.80, p < .001, η2p = 0.629) and
propensity to trust (F (1, 13) = 272.305, p <
.001, η2p = 0.954) levels increased after col-
laboration in all modes, with no significant
differences between them. The mental work-
load was lowest in the input collaboration mode
(F (2, 13) = 4.899, p < .05, η2p = 0.430) and
coherent results are highlighted by the study of
physiological parameters: RMSSD* was lower
for people in collaboration with input mode
(H(2) = 6.031, p < .05) indicating a higher level
of mental well-being. At the same time, LF/HF*
ratio showed no significant differences between
the collaboration modes. These results are avail-
able graphically in figure 6

(a) PTM Results for
three collaboration

modes

(b) TPS-HRI Results
for three collaboration

modes

(c) NASA-TLX Results
for three collaboration

modes

(d) RMSSD* Results
for three collaboration

modes

Figure 6

In terms of performance, the collaboration with
input mode resulted in significantly longer task
completion times (F (2, 13) = 4.624, p <
.05, η2p = 0.416)
Responses to the HRI questionnaire revealed
differences in perceptions of task-solving abil-
ities and willingness to use the system in ev-
eryday life across collaboration modes: partici-
pants in collaboration with input mode showed
a more neutral opinion on the idea that work-
ing alone is better than working with the robot
(H(2) = 7.251, p < .05), while the other vol-
unteers disagreed with it; regarding usability,
cobot in mixed collaboration mode resulted the
one that people would use more in their everyday
life (H(2) = 7.251, p < .05). There was also a
discrepancy between perceived understanding of
the task algorithm and actual task performance:
when asked to indicate the optimal successive
move in a random TOH configuration with 6
disks only 60% guessed the right choice, suggest-
ing a potential false belief about comprehension
induced by robot collaboration.
Overall, the study highlights how different col-
laboration modes affect HF, emotions, and task
performance in human-robot interaction scenar-
ios, offering insights into the design and imple-
mentation of collaborative robot systems.

7. Conclusions
This work investigates the impact of cobot size,
velocity, and collaboration modes on HF such as
trust, anxiety, and mental workload. Compar-
isons between triggered and alternated collabo-
ration modes revealed no significant differences
in trust, mental workload, or anxiety. How-
ever, volunteers preferred alternated collabora-
tion, citing a personal challenge and a desire to
complete tasks independently. Alternated col-
laboration also led to better task comprehension
and increased trust in robots.
Experiments also showed that the collaboration
robots led to an increased perceived understand-
ing of TOH solution algorithm, but further tri-
als on increased difficulty task suggest that this
sensation could be a false belief.
Trust and propensity to trust robots increased
across all the three alternated collaboration
modes, while mental workload was lower in col-
laboration with input, albeit at the expense of
time. State anxiety remained unaffected.
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Despite the thoroughness of the experiments,
limitations include a relatively small sample size
and a focus on younger participants from ed-
ucational backgrounds. Future research could
involve a broader range of participants and in-
corporate tasks more realistic for an industrial
environment, as well as explore how collabora-
tion modes mitigate negative reactions to faulty
robots. Additionally, exploring other HF and
employing different measurement tools could
provide a more comprehensive understanding of
HRI.
Regarding these considerations, the setup and
work-cell developed in this research provides a
ready-to-use solution to expand experiments for
further studies. In addition, also the manage-
ment and analysis of questionnaires can be easily
re-used or adapted for different HRI collabora-
tion tasks and activities.
Ultimately, achieving widespread acceptance of
HRI in everyday life requires addressing these
challenges and advancing technological capabil-
ities.
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