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ABSTRACT

The use and the rapid growth of the cobot in industry are changing working conditions. New jobs
can imply new advantages and inconveniences, which call for new occupational risk assessments.
The aim here is to assess occupational risks in terms of mental stress, so as 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 study involved a total of
32 volunteers of various ages, with no previous experience of cobots. An eye-tracker system that
records a range of biometric data was used to quantify stress. Pupil diameter was mainly used in
this investigation, as well as the number of gaze fixations by zones. The data registered were
analyzed using the T-test method, with which data on two groups can be compared to test for
significant differences. In addition, other secondary parameters were also analyzed, such as the
time required to complete each test, and the number of errors that were committed. Among the
most important conclusions, it was noted that working with cobots in no way increased stress
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levels, confirming one of the objectives for which these robots were designed.

1. Introduction

Industrial production is immersed in a continuous pro-
cess of development and changes. The demand for
both flexible and effective quality processes is nowa-
days incessant in manufacturing environments. In this
context, although there have been some earlier refer-
ences, the Industry 4.0 concept was first presented at
the 2011 Hannover trade fair (Alcdcer and Cruz-
Machado 2019; Vogel-Heuser and Hess 2016; Wagner,
Herrmann, and Thiede 2017; Xu, Xu, and Li 2018; Yang
2017). It was then officially announced in 2013, as
a strategic German initiative to lead the new industrial
revolution in which industrial processes are currently
immersed (Xu, Xu, and Li 2018). Cobots or collaborative
robots are robotic devices designed to share the work-
space with operators in the absence of a protective
barrier or with only limited protective equipment
(Bauer, Wollherr, and Buss 2008a; Mariscal et al. 2019).
A comparison between conventional industrial robots
and cobots is shown in Table 1.

The fourth industrial revolution, also called
Industry 4.0, is a change of paradigm that is based
on the convergence in industrial processes of certain
technologies. These technologies are: big data,

cybersecurity, 3-D printing, collaborative robotics,
and augmented reality, among others. In this paper,
the technology of collaborative robotics will be stu-
died, in particular their possible occupational risks in
terms of occupational stress.

Human-Robot Collaboration (HRC) combines the
flexibility of a worker with the accuracy and repeat-
ability of a cobot (Faccio, Bottin, and Rosati 2019), in
some cases both improving worker productivity and
reducing fatigue (Villani et al. 2018). In many cases,
these devices can be actively used with operators,
either sharing the workspace or working together.
Many researchers are focusing their work on balanced
interaction between humans and cobots under safe
working conditions. However, most HRC-related
research work has been focused on human collabora-
tion with the tasks of a cobot, rather than on industrial
examples (El Zaatari et al. 2019).

The installation of a cobot implies some novelty that
calls for investigation into the new working conditions
that can arise and how those conditions can affect work-
ers. New equipment in the production line will create
jobs that are quite unlike traditional ones, which must
be analyzed to assess their occupational risks. The range
of tasks, options, and solutions for industry is practically
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Table 1. Comparison between conventional industrial robots and cobots. Authors’ own assessments. Source: developed from (Djuric,

Rickli, and Urbanic 2016; Villani et al. 2018.).

TRADITIONAL INDUSTRIAL ROBOTS

COLLABORATIVE ROBOTS OR ‘COBOTS’

Require fixed installations

Larger industrial work areas required

Lead-through and off-line programming

Interaction with the worker infrequent

Physical separation of robot and worker (partitions)
Cannot interact with people safely

Only medium to large batch sizes are economically viable
Small or large and very rapid

Higher load capacity

Flexible, relocatable

Smaller industrial work areas required

On-line programming, supported by off-line programming and multimodal interaction
Frequent interaction with the worker

Cobot and worker share the same workspace

Can interact with people safely (when properly programmed)

Economically viable with small and large batch sizes

Small and slow

Lower load capacity

infinite. Each specific example might well deserve indi-
vidual study in accordance with all of the relevant
details. Our objective here is therefore to analyze how
proper workplace risk-assessment influences total pro-
ductivity and the operator’s stress and mood, in both
cases either positively or negatively, as for example in
the study of Arai et al. (2009).

The term HRC (Human-Robot Collaboration) will be
used, understanding interaction as acting on someone
or something else and in collaboration ‘with others’ or
‘working together with’ (Barbara 1996; Bauer, Wollherr,
and Buss 2008b). The use of ‘co-worker’ for a cobot is
considered an inappropriate term.

HRC is one of the characteristics of the new
Industry 4.0 initiative, which is consolidating itself as
a new paradigm in industrial production. The use of
cobots is increasingly observed, especially in factories
where cobots replace conventional industrial robots.
In the following section, works related to HRC safety
are reviewed: comparative models between HRC sys-
tems and traditional manual and robotic systems with
no human collaboration, efficient collision detection
methods for robot manipulators, measurement of
electrical effects on the skin, and task ergonomics.

This paper starts with an introduction, after which
there is a section on the State of the art that contains
three sub-sections: ‘Studies carried out on safety work-
ing with collaborative robotics’, ‘Cobot safety and safety
regulations’, and ‘Definition of stress and its measure-
ment methods’. ‘Materials and methods’ are then pre-
sented, which is subdivided into three sub-sections:
‘Data collection and processing tools to detect signs of
stress’, ‘Study variables’, and ‘Design of the experiment'.
Then, the three types of results are considered in the
results presentation: ‘Sociodemographic parameters of
the sample’, ‘Results of pupil diameter and AOI' and
‘Results of the NASA TLX TEST'. The four final sections

are: ‘Discussion’, ‘Funding’, ‘Declaration of interest’, and
the ‘Bibliography’.

2. State of art

2.1. Studies carried out on safety working with
collaborative robotics

The state of the art in HRC has been analyzed in some
recent articles; in safety, applications for industrial
environments, examples from research, challenges
and limitations, and possible future research and appli-
cation areas. In 2017 (Robla-Gomez et al. 2017), pre-
sented a review of some standard regulations and the
main safety systems applied to industrial robotic envir-
onments: methods using various sensors and sensor
fusion systems and for visualization and monitoring of
safety areas. An overview of collaborative industrial
scenarios, cobot programming technologies categor-
ized as optimization and learning, communication, and
relevant research papers on similar aspects were pre-
sented in (El Zaatari et al. 2019). A review of the HRC-
related literature over the 10 years between 2008 and
2017 can be found in (Hentout et al. 2019).

The papers that were consulted in preparation for
this investigation are summarized in the following
table. These papers cover cobot-related topics, most
of which are on safety and workplace risks, but also on
working models, and reviews.

2.2. Cobot safety regulations

It is necessary to establish classifications between the
different safety methods to write the standard. The best
way to prevent dangerous interaction between human
operators and a cobot is to limit contact between them.
However, contact is necessary in a few different
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Table 2. Review of Articles.

Collaborative

Authors Year Robot used methods Objective Key findings
Bethel et al. 2007 Literature review Human-Robot To review the use of psychophysiology Assessement of participant stress levels
(2007) Interaction measures in human-robot interactions. through self-reporting, heart rate
(HRI) Variability, and interbeat interval (IBI).
Tan et al. (2009) 2009 Industrial robot - Productivity The experimental results demonstrated
The purpose of this work was to the effectiveness of the information
perform studies on human factors for support system at guiding operators in
the development of an information assembly operations and at
support system for the HRC collaborating with the robotic system.
manufacturing system. Five
experiments were performed both for
system hardware and for developing
information support systems to
investigate human factors linked to the
support system and its design.
Arai et al. (2009) 2009 Industrial robot Limiting power Productivity Semi-automation can increase
and force The purpose of the study was to productivity.
develop a new HRC cell production Total productivity 50% higher and
system to increase efficiency. human error is reduced.
Risks cannot be fully removed.
Bascetta et al. 2011 ABB IRB140 6 DoF - Safety and recognition of human intention Human intention estimation.

(2011) robot and two AXIS To evaluate the probability of
212 ceiling occupation of some areas of the robotic
mounted cell at some point in the future.
surveillance
cameras.
Corrales, 2011 2 Mitsubishi PA-1 7 - Safety
Candelas, and DoF robots Distance measurements in real time, to
Torres (2011) avoid hazardous contacts among
humans and robotic manipulators.
Special suit with inertial sensors is used.
De Luca and 2012 KUKA LWR-IV and - Safety
Flacco (2012) a Kinect sensor To design an integrated control
framework for safety HRC based on
a hierarchy of consistent behaviors:
collision avoidance and collision
detection and reaction algorithm.
Fabrizio and De 2012- KUKA LWR IV robot, - Safety
Luca (2017); 2017 and a Kinect sensor Collision avoidance, distance between
Flacco et al. moving points and obstacles.
(2012, 2015) Sensor fusion.
Chandrasekaran 2015 - - Review
and Conrad
(2015)
Ragaglia, 2015 An ABB IRB140, an ABB - Safety
Bascetta, and dual-arm and Collision avoidance and human purpose
Rocco (2015) a COMAU Smart-Six. recognition.
and two AXIS To predict human movement and
212 PTZ RGB human trajectory.
network cameras
Barbazza et al. 2017 - - Productivity
(2017) Comparison between manual assembly,
FAS and F-FAS. Focusing on the concept
of agility and how it affects system
performance and production costs.
Bi et al. (2018) 2018 Smart gripper - To implement strain sensors to find the

conditions of sampling rate and
exactitude at the lower cost.

Experimentally validated method to
ensure a certain degree of safety.

A novel algorithm is introduced to
determine the minimum distance
among the operator and the robot in
real time and to activate safety
protocols in the event that the
minimum distance exceeds predefined
values.

A framework for avoiding contacts based
on the information given by depth
images from Kinect camera and
a collision detection and reaction
algorithm based on a signal generated
using joint position gauging.

Good overall performance.

A fast way for measuring distances
between the robot and multiple control
points based on depth space data.
These distances are used to modulate
speed and avoid obstacles. This work is
extended using multiple depth sensors
(two Kinect cameras) and is successfully
tested in Human-robot collision
avoidance experiments.

A strategy for human detection and
monitoring and estimation of intent
based on RGB cameras.

Considering a series of parameters such as
the number of components to assemble
and the objective performance of the
model, the authors found a series of
areas of convenience in which the
system achieves the greatest agility or
the most economic point.

Strain gauges and electromechanical
systems were used for reliable data
acquisition of gripping pressure in real-
time.

(Continued)
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Table 2. (Continued).

Collaborative

Authors Year Robot used methods Objective Key findings
Xu, Xu, and Li 2018 - - To review recent research on Industry 4.0. First, an introduction to the background of
(2018) Industry 4.0 is presented, then the

Faccio, Bottin, 2019 ABB IRB 1200-5/0.9

and Rosati and UR5
(2019)

Wang et al. 2019 Single and dual-arm
(2019) robots

Yu et al. (2020) 2020 Baxter

Zacharaki etal. 2020 Several
(2020)

Andrea et al. 2021 Theoretical simulation
(2021)

Lu et al. (2022) 2022 Arms, mobile robots
and personal

robots.

Andronas et al.
(2023)

2023 high-payload
industrial robot

elementary technologies that may be
used in Industry 4.0, and then some
research. Afterwards, the research
complications and following tendencies
related to Industry 4.0 are analyzed.

Speed limiting Suggestion of a mathematical model with The grade of collaboration in the process

which to evaluate the performance and
direct unit production price of
Computer Aided Simulation (CAS).

Many The aim of this paper is to present the
collaborative state-of-the-art of symbiotic human-
methods robot
collaborative assembly
Power and  Suggest collaborative management

methods for dual-arm robots in
different human-robot cooperative
exercises in assembly tasks.

- The objective was to suggest avenues for
upcoming research, in order to advance
safety in HRI.

force limiting

Speed and  Minimum distance between resources,
separation robot speed and position among the
monitoring logistic areas.

Search the best layout configuration
depending on these three factors.

Human-Robot
Collaboration
(HRCQ). Pick and
place, delivery

Review of 25 studies for understanding
the relationships between HRC and
workers’ mental stress and safety
awareness.

Manual
guidance of efficient and safe collaboration
between operators and high-payload
industrial robotic arms. Comparative
analysis of manual and semi-automated

solutions.

of the assembly has an elevated
relevance on performance.

When the robot is much slower than
the worker, the best allocation is at low
values of ao.

All Flexible Assembly Systems (FAS)
kinds (collaborative and no
collaborative) are the most expensive.
In the post-payback period, the benefit
of collaborative assembly in
comparison with noncollaborative
assembly rises. The robotic-only
assembly methods were the most
profitable.

There are new modes of collaboration and

control. Intuitive programming of
robots based on modalities, such as
gestures, speech and haptics, requires
embedding of complex algorithms with
different levels of abstraction.

In this paper, the effectiveness of the

suggested strategy has been verified.

Categorization of the works into five

elementary classes.

In accordance with the investigation, the

results showed that there was one
configuration that was the best
configuration, and only two parameters
(robot speed and position of the logistic
areas) out of three (minimum distance
among resources, robot speed, and
position of the logistic areas) were very
significant for the HRC workplace
design.

Indirect measurements: questionnaire,

cardiac response, Electrodermal Activity
(EDA), ElectroEncephaloGram (EEG),
ElectroMyoGram (EMG),

Facial expressions. Eye-tracking and EEG
were the most used physiological
measurements.

Study the solutions for the establishment An almost marginal difference between

the cycle times of
the manual and the semi-automated
solutions.

operations, for which reason cobots are used. Safety-
related research is therefore focused on multiple scenar-
ios: seeking either to limit contact, or reacting to possi-
ble contacts, or responding in the safest way possible,
once contact has occurred. In parallel, certain regula-
tions provide recommendations, rules, and guides to try

to evaluate this type of situation, in order to implement
safe solutions. Some industries have implemented solu-
tions with a greater or lesser degree of interaction
between humans and cobot. At the same time, research-
ers are seeking solutions for real safety collaboration in
HRC scenarios.
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During recent years, some standard regulations
related to collaborative robots have been published.
ISO/TS 15,066, 2016 ('ISO/TS 15,066, 2016 Robots and
robotic devices - Collaborative robots’ 2016),
a technical specification published in 2016, is nowa-
days the reference standard on collaborative robots.
The above standard supplements the knowledge on
industrial robot safety standards ISO 10,218-1:2008
(ISO/TR 20,218-1 2018) and 10,218-2:2017 (ISO/TR
20,218-2 2017) and complements the four collabora-
tive operating modes described in 1SO 10,218:2008
(Mariscal et al. 2019).

Standard 15,066 also defines maximum force and
pressure values for various body areas both for quasi-
static contact (with probability of being clamped) and
transient contact (no chance of being clamped). ISO/
DIS 21,260, 2018 (21260), Draft International Standard,
provides mechanical safety data for physical contacts
among active machinery or moving parts of machin-
ery and operators. ISO/TR 20,218-1, 2018 (ISO/TR
20218-1 2018) a technical report published in 2018
provides guidance on the safe design and the inte-
gration of robot end-effectors.

During HRC, contact with the skull, ears, eyes, fore-
head, larynx or face is not allowed ('ISO/TR 20,218-1,
2018 Robots and robotic devices — Collaborative
robots’ 2016). Depending on the contact scenario for
a HRC risk evaluation, pressure and force values must
be estimated and taken into consideration, in order to
identify which one should be the limiting factor ('ISO/
TS 15,066, 2016 Robots and robotic devices -
Collaborative robots’ 2016). In this study some aspects
have been taken into account: the potentially most
dangerous contact geometry between human and
robot, the mass of the end effectors and workpieces,
the mass of the moving parts of the robot, and the
parts of the human body that can be hit, to establish
the maximum programming speed of the robot in
accordance with the provisions of [ISO/TS
15,066:2016 and considering transient contact in all
cases.

2.3. Definition of stress and its measurement
methods

Stress is, in medical terms, the response of the body to
either physical, mental, or emotional pressures, or
combinations thereof. Stress produces chemical
changes that speed up the heart rate, raise blood

sugar levels, and heighten arterial blood pressure.
Stress also produces feelings of frustration, anxiety,
anger, and depression. The activities of daily life or
certain situations, such as a traumatic event or an
iliness, can all produce stress. Intense stress or stress
that lasts a long time, also referred to as emotional,
nervous, and psychic stress, may provoke physical,
and mental health problems (National Cancer
Institute of the United States Céncer, Instituto
Nacional del, and de los Institutos Nacionales de la
Salud de EE. UU 2022).

Biologically, stress is the interaction between
damage and defense, comparable in Physics to the
pressure that represents a reciprocal action between
a force and the resistance to that force. In psycholo-
gical terms stress is an object of study, as it is con-
sidered to be a physiological, endocrinal, or
psychological response to events or situations that
oppress or that are perceived as threatening, provok-
ing symptoms of exhaustion, loss of appetite, weight
loss, and other non-specific symptoms (Suarez and
Humberto Ramirez-Diaz 2020).

Studying the stress levels in the workplace is
important to be able to reduce them as far as possible
and thereby improve the health of the workers. When
novel technologies are implemented, such as cobots,
it is not clear what the mental consequences of the
human operatives alongside them might be, which
can often be damaging in the long term due to men-
tal stress. Through the study, valuable conclusions
may be drawn, to design the collaborative work sta-
tions in a more beneficial way for the health of the
workers, without them undergoing inconvenience,
due to a lack of information and experience. There
are ergonomic studies on work stations, time cycles,
implementation of cobot systems, and stress mea-
surement systems. However, studies on the influence
of mental stress at a work station and the variables
that may cause it are very scarce. Hence the interest in
pursuing research in that area.

The study of mental workload has been explored
by many authors in very different settings and
through numerous variables. Before talking about
the relationship between cognitive workload and
pupil size, some examples from the literature are
mentioned where the mental workload has been
associated with multiple physiological variables.

Researchers have used Heart Rate Variability (HRV)
for measuring mental stress, as it has been shown that
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stress and cognitive processing influences heart rate
and HRV (Acharya et al. 2006; Landi et al. 2018;
Taelman et al. 2009; Thayer et al. 2012). In addition
to HRV analysis, other authors have also used cogni-
tive signals, cardiorespiratory measures, brain electri-
cal activity, skin conductance, skin potential
(amplitude and number of responses), pupil size,
and facial expressions to measure mental stress
(Grassmann et al. 2017; Ryu and Myung 2005; Wilson
and Russell 2003).

From among the many peripheral physiological
measures of neuronal activity, pupil size is probably
the easiest to acquire. It is perceptible to the naked
eye (also possible with corrective lenses) of the obser-
ver and can certainly be measured with eye-tracking
technologies (Einhauser 2017; Pedrotti et al. 2014).
Pupil size can reveal data on cognitive load, degree
of attention, arousal, and anxiety among others
(Einhauser 2017). Since the early 1960s, it has been
known that pupil size is related to cognitive load.
Dilation of the pupils has been observed in some
studies such as (Boersma et al. 1970; Hess and Polt
1964) when participants were solving mathematical
problems of increasing difficulty. The relationship
between pupil size and stress has been experimen-
tally tested in recent studies, all confirming how pupil
size increases in stressful situations (Hirt, Eckard, and
Kunz 2020; Pedrotti et al. 2014).

The work presented in (Hirt, Eckard, and Kunz 2020)
consisted of non-intrusively measuring mental work-
load using eye-tracking technologies during virtual
reality tasks.

3. Materials and methods

The experiment was designed in the context of
assembly-disassembly tasks in two different situa-
tions: one for a human operator and another for
a cobot. One situation between a human operator
and a cobot, and the other between two human
operators. For each of these situations, a risk evalua-
tion was carried out, in accordance with the ISO/TS
15,066, 2016 (ISO/TS 15066 2016), to program the
cobot accordingly, analyzing such factors as the geo-
metries of the workpieces, the possible areas of colli-
sion between the moving parts of the cobot and
workpiece and the operator. With these considera-
tions in mind, the differences in terms of productivity
between each of the different scenarios (parts/hour)

and the stress that each worker suffers in each situa-
tion were studied.

The operator wore glasses with eye-tracking tech-
nology to record pupil diameter and to analyze
whether there were significant variations that might
indicate lower/higher levels of stress and cognitive
load. Pupil size can reveal data on cognitive load,
degree of attention, arousal, and anxiety among others.
The glasses also record the area where the person
places visual attention, in order to know what is attract-
ing greater attention or what is of concern. All the
components of stress and emotional impact were rein-
forced with a questionnaire that was later administered
to the participants. In our experiment, we administered
the NASA TLX questionnaire (National Aeronautics and
Space Administration, Nasa, 2020) at the end of each
session, to ascertain the subjective perceptions of each
student with regard to mental workload.

3.1. Data collection and processing tools to detect
signs of stress

Different indicators that can help us to quantify stress
were used, in order to assess the possible stress level
of each worker.

e Pupil diameter. Using an eye-tracker (see
Figure 1). the pupil diameters of both eyes were
tracked during the experiments at a sampling
rate of 10 ms. Pupil diameter is one of the main
indicators of mental stress and it is a somewhat
unintrusive measurement method (Landi et al.
2018). The eye-tracker is an electronic device in
the form of glasses, equipped with multiple cam-
eras to detect eye-related biometric data. The
participant must wear the glasses while partici-
pating in the experiment.

Figure 1. Eye tracker.
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o Area Of Interest (AOI). Using the same device, the
eye-tracker Tobii Pro Glasses 2, it is possible to
observe whether a person is fixating on
a particular zone of the workplace, as a register
(spreadsheet) is obtained in which a fixation on
some of the previously established areas of interest
is shown with a 1. There will be moments where
there is no fixation on any of the areas and
moments at which there will be fixations on some
of them, but never on more than one at a time.

¢ Heat maps. A heat map highlights the points on an
image of the work zone where the visual fixation
takes place and at what intensity. It is a useful way
to convey where and how often the visual gaze of
the subject is directed at an object in an instant.
This image is generated from data collected by the
eye-tracker.

e Maps of gaze routes. All movements of the gaze
point are scanned to represent all the points
where the gaze is directed with a circle on an
image of the work place. These points are con-
secutively linked by a line along the route and
are larger whenever the gaze time on each one is
longer. Each point is chronologically numbered
(Peruzzini, Grandi, and Pellicciari 2018). The
image is generated with data by the eye-tracker.

o NASA TLX TEST. A subjective test that the partici-
pant involved in an experiment has to complete in
parts. First, the person is shown some pairs of
variables and has to choose the one that gener-
ates the highest levels of stress in a job. Then the
task on which the experiment is focused is com-
pleted. On completion of that task, the participant
is administered a questionnaire, in which the pre-
sence of each one of the above-mentioned vari-
ables is evaluated from the participant's own
point of view in the recently completed tasks. If
the experiment is to be repeated on various occa-
sions, in different situations, as our experiment
was, then the quantitative questionnaire must be
filled in after each situation. Performed in quite
a different way, the comparison of variables is only
done once and before completing the
experiments.

3.2. Study variables

The study variables for our study were obtained from
the eye-tracker, which provides a wide range of

metrics. Moreover, a better analysis of eye behavior
and gaze fixation within each different AOI (see
Figure 2) was defined, to calculate quantitative eye
movement variables (note that the AOIs encompass
the map of gaze routes).

Statistical tests were performed to compare mea-
sured variables within an AOI for both sample groups.
The list of variables considered in this study appears
below, which were linked to each participant’s level of
cognitive load and visual distraction (Bednarik 2005;
Murray 2000; Tatler et al. 2014):

¢ Average fixation duration (total fixation duration
divided by interval duration).

Number of fixations.

Average pupil diameter for left and right eyes.
Total time spent in each scenario (task comple-
tion duration) in minutes.

Number of errors in each test.

A review of the literature (Barassi and Zhou 2012;
Fagerland 2012; Sedgwick 2015) indicated that various
parametric and non-parametric tests can be used to
contrast several samples. In this experiment, the
Mann — Whitney U test, a non-parametric test, was
applied to compare the Human-Human and Human-
Cobot samples:
e Assumptions of both normality and variance are
not required.
¢ Observations of both groups are independent of
each other.

. Work station area for Robotic arm/Assitant worker Parts
Instruction plan [ Base board

Figure 2. The four areas of interest (AOI) that encompass the
mapped gaze routes.
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The Mann-Whitney U test is used to determine
whether there are differences in either the distribu-
tions or the medians of two samples, respectively
dependent on the similarity or the dissimilarity of
the shape of the overall distribution. Hence, the
research hypothesis for comparing the proposed sam-
ples is given below and the test was run at the two-
sided significance level, a =0.05.

Ho: The sample medians are identical (4; = Hy).
H;: The sample medians are different (u; # W,).

The Mann - Whitney U test uses the rank of the ranks
of the data rather than their raw values to calculate
the statistic for the test. The test statistic for the Mann
Whitney U Test is denoted as follows:

Umin: min(U1,U2)
where U, and U, are defined in the following way:

ni(ny + 1)

U1 =mny + P

— R (1)

ny(ny + 1
U, =niny -l-iz( 22 )

— R (2)
The critical U value (Ucyitical) based on sample
sizes (n;=n,=32) and a two-sided significance
level (a=0.05) is 2. That is, the null hypothesis
would be rejected only if Uy, <2. The Mann -
Whitney U test was performed using MATLAB
software.

Pupil diameter and heart rate were measured
and evaluated against self-reported stress levels
using a series of questionnaires. Statistically signif-
icant correlations were noted between both vari-
ables and the self-reported stress level. Paired-
sample t-tests at a significance level of a=
0.05were used, in order to determine whether the
changes of the mean values for pupil diameter
were significant. Before applying the t-test, the
Anderson-Darling test result at a degree of signifi-
cance of a=0.05 confirmed that the samples fol-
lowed a normal distribution. The data were once
again analyzed with MATLAB statistical software
and it was determined with the help of an algo-
rithm whether there were relevant variations
within the samples of both groups that were stu-
died. The initial data registered by the eye-tracker

were presented for each experiment in a data col-
umn for the diameter of the left eye, another
column for the right eye and another column for
time. This MATLAB algorithm applied the T-Test to
test the level of coincidence of the two data series
and to determine whether there were significant or
at least significative differences between each one.
To do so, a coefficient between 0 and 1 was gen-
erated, which if closer to 0 indicated that the data
series were very different and if closer to one,
indicated that they were very similar. The limit to
affirm whether significant differences exist or not
was 0.05. The algorithm also generated graphs for
the data on pupil diameter. The following shows
part of the code:

[h_r,p_r] = ttest2(Pdr_robot,Pdr_human);

[h_l,p_I] = ttest2(PdI_robot,PdI_human);

% Show results on screen
disp(‘Right pupil’)
disp(Pdr_robot); disp(Pdr_human)
disp(‘Left pupil’)

disp(Pdl_robot); disp(PdI_human)

In addition, productivity was studied, which was
measured in terms of the time required to com-
plete the task and the error rate in the assembly/
disassembly of parts/blocks. In this way, it was
possible to determine the speed of a cobot in
comparison with a human and whether there was
any significant variation in the error rates between
both situations.

As a complementary method, each participant
was administered the NASA TLX TEST,
a subjective test designed to assess workload in
relation to the other tests that the participant had
completed. Before starting the experiment, the
participant was asked to complete the first part
of test, then complete the first test with human
or robotic assistance, the order of which was chan-
ged on each occasion. When the first test was over,
the participant was asked to assess the different
variables that were involved in the process, and
then complete the second test, and once again
assess the variables used in the second test.
Mental load is not the same as stress, although
the results of the NASA TLC test were in that
respect used to draw conclusions on the basis of
subjective assessments.
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@,

3.3. Design of the experiment

In this experiment, a UR3 cobot device from Universal
Robots (Universal Robots, 2020) was used. It had
a payload of 6.6 Ibs (3kg), 6 degrees of freedom
with 360-degree rotation on all wrist joints. Its reach
was up to 19.7 ins (500 mm). According to ISO/TS
15,066:2016 ('ISO/TS 15,066, 2016 Robots and robotic
devices — Collaborative robots’ 2016), there are four
main  collaborative  operations:  Safety-Rated
Monitored Stop; Speed and Separation Monitoring;
Hand-Guided; and Power and Force Limited. It is
also common to use these modes together.
However, the cobot was programmed to operate in
limited power and force mode. Moreover, the cycle
time of the cobot had been adjusted in such a way
that the worker could perform the task in a timely
manner. In this experiment, the cobot was used with
a power and force sensor and an electric gripper (see
Figure 3).

In this research, ultralight (45g) wearable eye-
tracking technology was employed. The eye-tracker
was equipped with two cameras and had a sampling
rate of 100 Hz. Data recorded by the eye-tracker were
analyzed using software, to estimate the participant’s
gaze-fixation duration and other parameters.

The experiment consisted of 10 assembly and dis-
assembly tasks (see Figure 4), in which the participants
were provided with a set of colored parts and were
asked to add/remove the parts to/from a base board,
closely following the work schedule (list of instructions)
on the worktable (see Figure 5). As shown in Figure 4,
the experiment was conducted in the workspace (see
Figure 6) under the two following conditions:

Figure 3. Cobot electric gripper.

@,

Figure 4. Example of an assembly task.

Figure 6. The workspace for the experiment.

e Human-Human cooperation:Tobii Pro Glasses 2
wearable eye-tracker glasses, a worktable, a 45°
work platform (Base board) with previously posi-
tioned colored parts and a work schedule (list of
instructions) placed in front of the worker for use
in the test The participants were asked to use the
colored parts placed in position and the comple-
mentary parts available from an assistant worker.
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¢ Human-Cobot interaction test: a test consisting of
the cobot and two feeder platforms for supplemen-
tal parts that the cobot delivers, as well as Tobii Pro
Glasses 2, a work table, a 45° work platform (Base
board) with previously assembled colored parts,
and a work schedule (list of instructions) placed in
front of the worker. The participants were asked to
use the colored parts already in position and com-
plementary parts provided by the UR3 robot arm
with the power and force sensor and an electric
gripper. The cobot clutches the part, positions it
near the worker and waits until it is removed, at
which moment it detects that the part is no longer

held in the gripper and moves away to fetch
another part. The most hazardous/critical event is
when the cobot delivers a part to the worker.
Hence, in the interests of safety, the minimum dis-
tance between the workers’ eyes and the cobot
gripper was set at no less than 450 mm throughout
the experiment (see Figure 7). The moment at
which the part is removed from the gripper can
be in different ways, which can influence the
results. So, that part of the programming code
where the part is taken from the cobot is detailed
below. As we can see in Figure X, the cobot arrives
at a point where it will stop, wait until it detects that

Figure 7. Task and procedure. Critical point.

~J

B B a e
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Figure 8. Pupil diameter.
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the part has been transferred (it can do so, because
when the part is removed, the gripper is no longer
constrained). When the part is removed, the cobot
waits 1second and it then opens the gripper to
pick up another part. It waits 1 second so that the
removal of the part will not create an alarming
situation where the robot reacts immediately and
the hand of the operator is close to the device.

In total, 32 people participated in this study. Upon
their arrival, the participants received instructions and
followed a 5-minute practice session. After the train-
ing, participants were asked to wear the Tobii Pro
Glasses 2 wearable eye-tracker whilst completing the
experiments.

Point_13

Wait rq_current_pos_inches() < 1
Gripper Move27%(1)

Adjust object_taken

// Way point

// Wait for the part to be removed
// Open more

// Increment counter

= object_taken + 1

4. Results
4.1. Sociodemographic parameters of the sample

Table 2 shows a review of papers related to the
research topic. A total of 32 volunteers participated in
this research, most of whom were engineering teachers
and students. The participants had no prior experience
of working with cobot and assembly task procedures.
A within-users design was adopted for this experiment
with each participant carrying out all tasks. The age of
the participants ranged from 18 years old, the age of
majority, up to 70years old, an age at which most
workers will probably have retired. In Table 3, the
characteristics of the volunteers can be observed. The
sample was divided into age groups for data proces-
sing and demographic data were recorded that could
be studied as variables that could influence the results.

No significant differences were found after having
examined the sample of 32 participants. More than 20
participants in an experimental sample is usually
a good rule of thumb for interesting results. In addi-
tion, it was suggested from a review of the literature

Table 3. Participants.

that a sample of between 19 and 45 participants was
likely to yield significant results (Anita et al. 2020;
Azimian et al. 2021; Bethel et al. 2007; Catalina et al.
2020).

Aspects such as age, sex, and ambient lighting
were overlooked as influential elements, because the
same person was tested on each occasion in two
different scenarios, though neither sex, nor age, nor
ambient lighting changed. When carrying out the
experiments with volunteers, each participant per-
formed two different tests: one with human assis-
tance and another with a UR3 as a cobot. The order
of the tests was repeatedly changed, in such a way
that the initial learning effect was not always on the
same test and was uniformly distributed, so that it had
no influence on the results. The number of partici-
pants was therefore set as a multiple of 2.

4.2. Results of pupil diameter and AOI

When assessing the significant differences, in addition
to seeing if the code indicated whether they existed
or not, it is worth looking at the coefficient that
indicates the intensity of the difference. It is done by
evaluating the p>a value on the basis of which the
null hypothesis may be rejected. The value of alpha is
set at the commonly used value of 0.05. If p is greater
than alpha, then no relevant variances exist. If p is less
than alpha then considerable divergences do exist. It
is worth seeing whether p is close to this value of 0.05
before drawing any conclusions.

These values in Matlab coding were p_| and p_r
corresponding to the left and to the right pupil,
respectively.

Running the code created a graph (Figure 8) for
each eye (right and left), in which pupil diameter was
represented for all participants and time of each
experiment (human-human and human-cobot). In
this way, the person-to-person differences for each
test could be rapidly observed.

Significant differences can be detected between
the two situations with the MATLAB algorithm. The

Age range Quantity Sex (male/female) Use of glasses (%) University studies (%)
18-25 16 81%/19% 6% 88%
26-40 4 50%/50% 25% 75%
41-55 7 43%/57% 43% 57%
56-70 5 80%/20% 60% 100%

TOTAL 32 69%/31%

25% 81%
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AOI with Robot

u % AOI Panel
u % AOI Robot

= % AOI Work instructions
m % AOI Parts
® % No fixation detected or Another Zone

Figure 9. AOI with robot.

AOI with Human

u % AOI Panel
W % AOI Robot

u % AOI Work instructions
% AOI Parts
® % No fixation detected or Another Zone

Figure 10. AOI without robot.

Figure 11. Heat map.

MATLAB algorithm (explained in section 3.2. Study
Variables) indicated the absence of any significant

differences for pupil diameter data with or without
cobot. In other words, collaborating with a cobot
rather than another operator had no influence on
the stress that was endured.

It is very useful to see a diagram of gaze-
fixation zones for a better understanding of gaze
behavior, including the gaze-fixation time outside
those zones for more complete information. It
provides an idea of which zones are given more
attention in each of the tests, as may be seen in
Figures 9 and 10.

A predominance of ‘No fixations detected’ or
‘Another zone’ can be appreciated.

In the following image (Figure 11), the distribu-
tion and the gaze concentrations may be seen in
a graph that is called a ‘heat map’. The greater part
are focused on the work instructions, in second
place, they are grouped within the zone of the
panel and the available parts (the positions of the
points on the background image are a little mis-
placed), in third place in the reception area of the
parts that have been supplied and on the cobot
itself.

The variation of attention within the different
zones was not very high (at around 30%), except
within the panel zone where it almost doubled,
and in the zone occupied by the assistant,
whether the robot or the person’s arm, within
which attention was almost multiplied 6 times
over. It is interesting to see the changes between
both situations; results that are visible in
Figure 12.

The percentage attention within the AOI that
circumscribes the robot is reflected in Figure 13.
The fixation percentages of all the AOIs for each
participant are shown. The distribution of fixa-
tions can therefore be seen in a general way
between the zones for all the participants, so
that any great variations for different people can
be seen.

The number of gazes-fixations per unit of time is
something that can reveal tendencies as a function of
the type of collaboration. These results are presented
in Figure 14 and are commented upon in greater
detail in the ‘Discussion’ section.

When the robot intervened, the number of gazes
increased by 17%.
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Increased fixations within AOI after
changing assistant from Human to Robot
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m AOI Panel
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Figure 12. Increased fixations within AOI after changing from Human to robot.
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Figure 13. Percentage of samples within AOI.

In a similar way to the above, tendencies relating to
the average duration of fixations can be seen. These
results are presented in Figure 15.

The differences between series were 1.6%, which
was not a significant value.

As has been mentioned, one of the main disadvantages
of these devices is that they are slower, which is the reason
why the data on task duration is presented in Figure 16.

It was observed that Human-Human collaboration
completed the test more rapidly than Human-Robot
collaboration. Working with a cobot meant a delay of
9.6% more time.

The errors were manually quantified for one person
throughout the experiments. The errors when changing
human collaboration for robot collaboration would in
principle be of the same type, although the quantity
could vary. The errors that were usually committed were
‘not following the work instructions properly’ (placing
a part in an incorrect place, forgetting to move a part).
The interest in analyzing that aspect is that it might
imply poor assembly or quality defects. To do so, the
collaboration-related errors are shown in Figure 17.

The errors increased by 38% when substituting
human collaboration for robotic collaboration, which is
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Number of gaze-fixations per unit of time
for 32 participants
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Figure 14. Number of gaze-fixations per unit of time.
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Figure 15. Average duration of fixations.

a relevant percentage that might be of great interest in
industry.

4.3. Results of the NASA TLX TEST

With regard to the NASA TLX TEST results, a greater
mental load was noted among participants when

7 9 11 13 15 17 19 21 23 25 27 29 31

working with a human, from their point of view.
However, rather than a direct quantification of stress,
this test quantified mental load, which depended on
other factors such as mental demand, physical
demand, effort, time demands, performance, and
frustration. The NASA TLX TEST results are presented
in Figure 18.
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Figure 16. Duration of tests.
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Figure 17. Total errors.

When completing the experiment, some people
made it known that they felt under greater pres-
sure when keeping a person rather than a cobot
waiting. It might be due to the more impersonal
nature of working with machines. Cobots are
designed to help humans with the tasks, while
humans can develop feelings of frustration and
tiredness arising from wait times. Empathy that is
a human feeling can reflect the feelings between
workers and can influence the stress of a worker
causing the delay, given the pressure that the
worker may be under.

Age and task duration can be determining factors
behind the errors, which is why the results were

UR3 with Robot

analyzed as a function of age. The following shows
a set of graphs on errors (Figure 19) and the durations
of tests according to age ranges.(Figure 20)
An analysis of errors committed as a function of hold-
ing university studies also yielded the following result:
average errors per person with university studies: 1.24
Average errors per person with no university stu-
dies: 1.25

5. Discussion

In this section, there are three clearly different
parts on working with cobots: its influence on the
stress of the worker; its influence on productivity;
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Results of NASA TLX test
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Figure 18. Results of NASA TLX test.
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Figure 19. Average errors by age.
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and future lines of research on the basis of the
results.

In the first place, the variation of worker stress was
measured together with cobots with different tools
(pupil diameter, AOI, quantity of gazes, duration in
gaze fixations and the NASA TLX TEST), although pupil
diameter was the most important.

The Mann-Whitney U test applied to the measure-
ment of pupil diameter yielded results that showed
no significant differences with regard to the mental
stress that a worker endures when either working
collaboratively with another human or working in
collaboration with a cobot. A conclusion that was
drawn from the most relevant stress indicator of the
study (pupil diameter).

According to the AOI analysis, greater attention on
the robot than on another person was observed, even
though it was not a source of stress. This hypothesis
was supported by the graph of ‘Quantity of gazes-
fixations by unit of time’, in which the quantity of
fixations was greater when working with the robot.
It was consistent with the principal theory, because
only slight changes were detected.

The quantity of gazes during each test is
a parameter that can reveal information on the
degree to which nervousness is affecting an indivi-
dual. The gaze-point of a nervous person will usually
change more frequently, although it may also be due
to lending greater attention to the robot, without it
being a source of stress. The quantity increased with
the cobot by 17%, which was a significant value and
supported the theory.

A longer duration in the gaze fixations can point to
a higher mental load for which reason the mental
processing time might increase. In contrast, maintain-
ing the gaze longer on one spot can mean that the
volunteers are more tranquil and that they feel more
secure carrying out the task. In any case, gaze dura-
tion when working with the robot remained practi-
cally constant.

It was concluded from the NASA TLX TEST results
that working with collaborative robots generated no
greater mental load than working with humans, as
was found for the other results. There was a 6.7%
variation in mental load, which was not a significant
value. In addition, stress was only one part of all the
factors that constituted mental load, for which rea-
son it was an even less relevant value for mental
stress.

In second place, with regard to productivity when
working with cobots, it can be seen that the use of
cobots somewhat increases the time of a cycle, which
is one of the biggest barriers when expanding the use
of cobots within industry. It was found that the work
time increased when working with a cobot by around
10%, which pointed to an appreciable difference.
Data that could be taken into account for production
purposes, given the substantial variations and their
cost implications for a firm. This result was in accor-
dance with the results of (Andronas et al. 2023), who
noted a slight increase in cycle times of 1.4%. The
percentile variation depends a lot on the work station,
though the trend remains.

According to this investigation, more mistakes
were made by people working collaboratively with
a cobot than by people working with another person.
The errors increased significantly (38%) in this case,
although the indicator was expected to drop in the
case of experiments of longer duration or with greater
worker training. Although stress only slightly
increased, this point must be highlighted, as to install
a cobot in a production process is a very important
factor that deserves careful assessment.

In this study, the recommendation of Arai et al.
(2009), was followed, who proposed further investiga-
tion as a future line of research on factors that affect
operator fatigue during assembly processes. Their
study affirmed that semi-automation can lead to
higher productivity, improving total productivity
(50%), and reducing human error. Findings unlike
the results of our study, as productivity diminished
in our case and the human errors increased with the
introduction of HRC, although it was due to the spe-
cific design of the experiment.

With regard to future lines of research, four inter-
esting proposals were raised as a function of the
results.

In this experiment, the robot was programmed in
such a way that it waited at the pick-up point until the
part was taken. The fact that the robot waited for the
person might be a source of stress. Another alterna-
tive situation could be for the robot to wait at another
place further away and only when the worker
requests the part with an order (for example, with
a wifi bracelet) could it be placed at the pick-up
point. If this method truly reduces stress, it will be
a very interesting development for the industrial
sector.
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The work of humans with various cobots and even
with cobots of various sizes remains to be investi-
gated, to see whether the stress of the worker really
increases in those situations.

In reality, a cobot is composed of two main parts:
the robotic arm and the end effector. Both parts are
likely to influence the worker, for which reason simu-
lation of a work station with different tools has been
proposed as a future line of research.

In this experiment, pupil diameter has been used
as a principal indicator of stress. It is quite an effec-
tive indicator, although others are equally effective
that could, if measured, contribute extra reliability.
To do so, new measurement instruments can be
included in future investigations with which more
relevant data may be collected, such as for example
pulsations per minute and the electrical charge of
the skin. With these two new variables, it will be
possible to increase the quality of the conclusions.
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