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Abstract
The present work describes the design, development and testing of a multimodal feedback system, named (A)MICO, with
visual and acoustic feedback designed to facilitate the interaction of workers with collaborative robots (cobots) in production
lines. The feedback is designed to make the human operator more aware of the cobot’s ongoing and future activities, and
therefore gain more control over the situation. The ultimate goal is to obtain a new intuitive mode for transferring information
through the combination of lights and sounds, not only to facilitate the flow of communication from the cobot to the operator,
but also to make the interaction more accessible to neurodivergent groups, such as people with autism spectrum disorders. The
design process focused on the evaluation of the human–robot interaction to select the situations where additional information
is needed, and which is the best way to transfer messages as intuitively as possible. Potential end-users were actively involved
during all stages of the design and development process. Five volunteers with high functioning autism participated in a
preliminary co-design to identify the issues related to the interaction with the cobot and the logic of the multimodal signals.
Then, to assess the system’s adaptability to several needs and the level of usability in providing information, validation tests
were carried out involving a wider group of participants with ASD. The results suggest that the adoption of a multimodal
communication strategy can be useful for making the workplace accessible and improving the well-being of all workers.
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1 Introduction

The Fourth Industrial Revolution, the so-called “Industry
4.0”, is characterized by a progressive digitalization of the
manufacturing process due to the new developed technolo-
gies. The socio-cultural themes promoted by Industry 4.0
have been further developed by the successive Industry 5.0,
which specifically puts research and innovation at the service
of the transition to a sustainable, human-centric and resilient
European industry. In this framework, collaborative robots,
also known as cobots, term coined by Prof. Brent Gillespie,
started to be gradually adopted in production lines. The first
collaborative robot was invented by Michael Peshkin and J.
Edward Colgate in 1997, bringing out the innovative con-
cept of a machine that interacts directly with the worker [1].
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Cobots are machines that work side by side with the opera-
tor sharing the same workstation and tasks, without a clear
separation of space through safety guards and fences [2].

With the introduction of cobots, the traditional
human–robot interaction (HRI) has changed according to
the new role of the machines which interact directly with
the operator. Starting from this assumption, several studies
investigated this new type of HRI and the new opportunities
and challenges related to it.

The integration of collaborative robots in manufactur-
ing, which is the framework of the present study, allows an
improved efficiency and complexity of the assembly process
leveraging the precision of the machines. To reduce worker
fatigue, tasks requiring repetitive actions or moving heavy
objects are assigned to the cobot, which becomes a comple-
mentary element to humans [3].

However, despite its several benefits related to productiv-
ity, this new type of interaction can be a potential source of
stress and negatively influence the general well-being of the
worker [2, 4, 5].

Communication is of great importance in human–robot
interaction, as also highlighted by several scales developed
to analyse the level of anxiety towards robots, the process
and the factors involved [6]. Robots should be designed
with intuitive communication and cooperation modalities for
human operators. Sciutti et al. describe this process as “hu-
manization” of human–robot interaction [7], which in this
context does not refer to the choice of an anthropomorphic
appearance, but to the development of a code for mutual
understanding between the two agents. This aspect acquires
a greater importance especially when designing accessible
robotic systems.

Indeed, the anthropocentric organisation promoted by
Industry 5.0 and driven by technological innovations, plays
a crucial role in the organisation of work, leading to several
changes including the criteria for hiring workers. Accord-
ing to this, the new generation of assistive technologies,
implemented in production systems, offers appropriate and
customisable solutions to provide assistance during the task,
representing a valuable aid to improve the productivity of
the human operator but, above all, to offer job opportuni-
ties to people with disabilities or special needs [8]. Johnston
et al. [9] describe assistive technologies as items adopted for
maintaining or improving functional capability for an indi-
vidual with disabilities. Indeed, the innovative and intelligent
solutions, being flexible and adaptable, can compensate for
several cognitive or physical worker deficits [10].

As a general guideline, the human–robot interaction
should bedesigned to be easier andmore human-friendly [11]
to reduce the fear of machines, and, furthermore, be flexible
and adaptable to encourage thework inclusion of people with
physical impairments or neurodiversity who find this type of

technology a valuable aid [12]. The concept of ‘neurodiver-
sity’, coined anddiffused by the sociologist JudySinger in the
1990s, defined some developmental disorders as normal vari-
ations in brain function and not as deficits. Nowadays, this
term refers to a broad group of users, including those with
neurological or developmental conditions such as attention-
deficit/hyperactivity disorder (ADHD), those with learning
disabilities such as dyslexia and those with autism spectrum
disorders (ASD). In this framework, the term neurotypical
refers to users whose brain functioning and development is
considered the norm by the general population.

Neurodivergent people face several difficulties in finding
and maintaining their job due to the lack of support, also
caused by the overall organization of resources and envi-
ronmental factors such as stigma [13]. Research focusing
on solutions facilitating the employment of neurodivergent
workers, such as those with ASD [14] may provide employ-
ers with the appropriate tools and knowledge on inclusive
recruitment [15], reducing barriers to employment.

Creating accessible environmentswhere everyone can join
in and have the same experience is one of the main con-
cepts promoted by the design approach called ‘Design for
All’. This term was introduced in 2004 to indicate “design
for human diversity, social inclusion and equality” [16] and
to emphasise the importance of guaranteeing the dignity of
all users, overcoming the traditional concept of architectural
barriers focused only on physical impairments. The concept
of ‘Design for All’ aims to design smart solutions that are
well harmonised with their surroundings and usable by all
indiscriminately [17].

Starting from these considerations and the actual socio-
cultural context, the present study aims to design a solution to
make the interaction between collaborative robots and oper-
ators more intuitive and accessible for all neurotypical and
neurodivergent operators. This aspect suggests the need to
simplify the collaboration between these two entities, which
is both the goal and the basis of any cobot system [18].
Indeed, the communication between human and robot should
be configured as a bi-directional channel to result in a positive
user experience. With the spread of innovative technologies,
modern cobots have begun to be implemented with software
and sensor systems to provide them with cognitive skills to
achieve a more natural HRI [19]. In addition, in recent years,
the integration of tracking systems into cobots provides a
solution for assessing the physical and psychological state of
the worker [20].

However, there is still a gap in mode of how cobots
communicate with workers. Indeed, current human–robot
interaction models show that operators can interact with
machines through different interfaces (e.g. displays, buttons),
while machines are not equally equipped to communicate
explicitly with humans [21].
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For this reason, the present research specifically focuses
on the modality of transmission of information from a col-
laborative robot to a human worker.

To achieve this purpose, we developed a multimodal feed-
back system, composed of a combination of visual and
acoustic signals, to reinforce and integrate the information
transmitted by the cobot regarding the activity in progress.
The resulting user experience (UX) is based on a multimodal
interaction, which refers to the availability of multiple com-
munication channels in the HRI. Instead of having a single
input/output transmissionmode, multimodal interaction pro-
vides a range of choices that can be combined, allowing to
design a customized solution [22, 23].

To design a positive experience with the cobot, the
information must be conveyed as intuitively and simply as
possible, so that it can be understood by everyone, reducing
the stress and anxiety due to not being in control over the situ-
ation. According to this, several studies confirmed that visual
and auditory signals are the most immediate modalities for
individuals to interact with robots [24]. In addition, making
the cobot activity more transparent allows a faster and more
efficient collaboration [25]. This aspect is also confirmed by
investigating human robot interaction in different fields (e.g.
manufacturing/industries, military, healthcare).

Throughout the design and development process, the
researchers worked with a group of potential end-users
composed of people with ASD, chosen considering their
communication problems and constant need for specific and
clear information. Indeed, several studies explain how the
integration of smart technologies, in the production system,
can be a valuable solution to promote the work inclusion
of people with ASD [26], improving their autonomy in
decision-making and time management [27].

The design and development process were organised
in sequential phases: co-design involving users with high-
functioning autism, definition of the physicalmock-upwhere
signals were integrated, definition of an experimental proto-
col and the final testing phase involving ASD participants.
Design for All principles guided the entire research, aiming
to obtain a new communication strategy that could represent
a valuable aid in improving the well-being and productivity
for all workers. Furthermore, considering that many work-
places are not designed with accessibility functions [12], the
developed solution must be able to be adapted to a pre-
existing system and its feedback should be customisable,
making work activities more human-friendly and accessible
to all. The ultimate goal of this paper is to present the design
process and testing of a new intuitive mode for transferring
information through the combination of lights and sounds,
to facilitate the flow of communication from cobot to opera-
tor and make workplaces more accessible to neurodivergent
people.

2 Related works

2.1 Human cobot interaction

The traditional conception of industrial robots referred to
systems working within fences, separated for safety rea-
sons from the areas where humans operate. With the aim
of combining the strengths of machines and humans, the
development of innovative technologies led to the creation
of robots working directly and safely with users [28]. In the
frameworkof Industry 4.0 and5.0, cobots started to bewidely
adopted in production lines. The physical contact between
humans and cobots performing a task together, sharing the
same workstation, is what defines their activity a ‘collabora-
tion’. According to this, also new environmental factors (e.g.
cobot size) may occur and change the user’s perception of
HRI [29].

In addition, the new work organisation, derived by the
adoption of cobots, has led to a change in the way of com-
municating and interacting with these machines: facilitating
communication and making cobot activities understandable
plays a huge role to allow the diffusion of this technology
in production lines [30]. This framework provides the cobot
with a new role as a “teammate” rather than a “tool” [31].

According to this, the present study focused on the interac-
tion defined as collaboration and the emerged importance of
an integrated communication system that can transfer infor-
mation quickly and clearly. To reach an optimal solution, the
information should be transferred through several commu-
nication channels. Designing a multimodal communication
strategy means that the information is transmitted through
different channels, also simultaneously: in this way a user
with impairment can choose the mode of transmitting infor-
mation most suitable to its own needs, without reducing the
functionality of the system [12, 32]. The availability of sev-
eral channels also allows the user to choose one or more of
them according to personal needs. Several studies describe
interesting examples of HRI enriched by multimodal com-
munication systems that, by adopting different channels such
as gesture recognition, voice control, and haptic feedback,
aim to achieve amore affective interaction with humans [33].
Often twoormore types of feedback are combined simultane-
ously to reinforce themeaningof the information transmitted.

The literature suggests that studies related to the integra-
tion of technology to promote communication flow between
robot and human, although aimed at achievingmutual under-
standing between these two agents, focusmore on the robot’s
ability to understand the user’s state [34]. Moreover, the
transmitted information rarely informs about failures, robot
errors and misunderstandings. As general rule, the mul-
timodal feedback system must transfer the right amount
of information, without adding complexity to the task and
increasing the user’s workload [33].
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A well-designed multimodal feedback code can have a
great impact on thework experience and open newopportuni-
ties for people with neurodiversity, making the environment
more accessible [35]. Autism spectrumdisorder is a neurode-
velopmental disorder characterized by repetitive behaviours
and several deficits in social interaction [36, 37]. Several stud-
ies describe how the work experience of people with ASD
can be made more complex by noisy environments, multi-
ple perceptual stimuli, lack of contextual understanding and
unpredictable social relationships [38].

The lack of support, also caused by the overall organi-
zation of resources and environmental factors, contributes
to increase the difficulties for people with ASD to find and
maintain a job [13]. Based on this, the present study involves
a group of users with ASD in the design process in order
to provide a solution to address the most common problems
related to collaborative tasks performed using a cobot.

2.2 State of the art: signalling code

The role of cobots in the workplace is gradually changing,
implying newways of communication, and the availability of
new technologies lays the foundation for making interaction
with operators more flexible and natural [24]. Assuming that
there must be a mutual understanding between humans and
cobots, the present study focuses specifically on the flow of
information transmitted by the latter.

Among the various strategies proposed, the adoption of
multiple sensory channels seems to be the most valuable
solution for adapting feedback to a wide range of users. Each
channel of communication can be used alone or combined
with others [39]. Identifying the type of information to be
transferred is also a crucial element to consider when design-
ing a new communication mode applied to HRI [40, 41].

Villani et al. have designed awristband tomake theworker
more aware of cobot’s activity through haptic feedback. This
kind of feedback was also compared and combined to light
signals to identify which is the best solution to transfer infor-
mation about cobot activities. The study identifies that the
perception of haptic feedback, associated with the state of
the cobot, can be a valuable method to transfer information
without the addition of other signals [42].

Another approach was proposed by Höcherl et al. that
designed a system composed by a led ring and a sound mod-
ule, placed on the cobot’s arm, and two displays integrated in
the worktable. The information is distributed in these chan-
nels to avoid any kind of distraction: LED lights convey
information about the status and operationmode of the cobot,
while displays showmore detailed information. A sound sig-
nalling error is emitted when there is a failure and another
acoustic signal is emitted when the cobot reaches its limits
[43].

Other studies, including that of Fernandez et al., focused
specifically on the potential of visual feedback to transfer
information about the movement of the cobot [44, 45]. The
visual and light signals can be designed, in terms of colour
and frequency, to transfer a wide range of information on
cobot activity [46]. Especially the use of colouredvisual feed-
back is considered a valid strategy to transfer information in
an even more intuitive way [44, 47], but it has to be designed
according to the cultural context of the final application.

The information conveyed by the visual signal can be rein-
forced by the integration of an acoustic signal that helps user
to better understand of the robot’s behaviour. An HRI imple-
mented with this type of solution can influence positively the
human perception of the experience [48].

Despite few guidelines or standards that guide their design
[46], visual and auditory signals are the most immedi-
ate mode for individuals to interact with robots [24]. To
achieve an optimal result, the feedback system must be
designed considering all environmental factors (e.g. noises,
light, obstacles). For example, Gwilt et al. did not to imple-
ment, sound alerts because of the noisy factory setting,
although their introduction was suggested by several partici-
pants involved in the study [41]. Each signal, both visual and
acoustic, must be clearly understood by the operator, with-
out being an element of potential misunderstanding between
human and cobot.

A HRI implemented by a well-designed feedback system
improves the wellbeing of the worker augmenting control
over the situation and the perception of the collaborative
robot [49]. This scenario also opens up new frontiers in the
field of labour inclusion.

3 Study setting

The present study was developed within the research activ-
ities of the European project Mindbot (https://www.mindbo
t.eu/). The main goal of Mindbot was to design human–robot
interaction promoting mental health in production lines, by
adopting collaborative robots that can adapt to user’s needs,
both physical and mental, and also make the workplace more
accessible to neurodivergent workers.

During the research activities of the project, a laboratory
setting (Fig. 1) was setup where both neurotypical and high
functioning autism individuals could test a pick and place
collaborative scenario simulating a week of work, with daily
shifts of 3.5 h [50]. The workstation was composed of two
tables, arranged in an L-shape: one for the cobot and the
other for the human operator. The cobot’s working area was
divided into areas where different parts had to be placed to
be recognized and then assembled correctly. Operator’s tasks
included also refilling the cobot table when there were no
more parts to assembly. If the operator forgot to refill the
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Fig. 1 Lab setting where participants performed the pick and place task
with the collaborative robot

Fig. 2 Collaborative task

cobot table or did not place enough pieces in the correct
spaces, the cobot stopped. To avoid this situation, before the
start of the working week, all participants were involved in a
quick training session to be briefed on the collaborative task,
including the instruction for managing and properly position
the parts to be assembled by the cobot. Instead, the parts
on the human operator’s worktable could be arranged freely
according to its preferences.

Figure 2 shows the components assembled by the cobot
and the human operator, and the collaborative phase in which

the latter joins the two assemblies and detaches the final
object from the gripper.

The design process performed in the present study used
this collaborative scenario and task as a pilot reference. The
ultimate goal is the integration of an intuitive interface that
allows the user to customise feedback according to any cobot
and collaborative task.

4 Requirements

The aim of this project was to create a plug-in component of
the cobot system facilitating the information flow from the
latter to the worker. The user experience in the collabora-
tive scenario, described in Sect. 3, suggested the preliminary
requirements that the device should have, setting the basis
for the next stages of the development process.

First of all, considering the aim of the project, the pro-
vided information should be supportive without disturbing
or annoying the worker.

In addition, the device must be flexible enough to provide
programmable multimodal feedback that can be configured
according to requirements and the information to be con-
veyed. The multimodal feedback should be able to provide
at least auditory and/or visual signals, also to satisfy specific
sensory needs of different users. In addition, all designed
feedback also needs to comply with specific ISO Norms (see
Sect. 5.2).

The size of the device must allow for sufficient visibility
but with a limited footprint, so that it can be easily integrated
into a production scenario with collaborative robots.

Another important environmental aspect to consider in
the design process is the positioning of the feedback source,
which has an impact on the overall user experience. Indeed,
the information transmitted through the multimodal feed-
back, must be available to the worker when clarification on
the task is needed, but without being a source of distraction
for the rest of the time.

5 Prototype

The first prototype of the device, named (A)MICO (acronym
for “A Multimodal device to improve inclusive Interaction
between Cobot and Operator”), was designed considering
the issues emerged from literature and respecting the require-
ments described above.

In addition, a general benchmark research was performed
considering the most common cobots adopted in today’s pro-
duction lines to identify which visual and acoustic feedback
are implemented,

The benchmark was carried out by selecting mainly the
products available on the official websites of themost famous
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robot brands and also taking into account, as additional infor-
mation, the prototypes described in scientific works [49, 51].
The results suggest that the three major types of information
which can be conveyed by light are:

1. Cobot status (e.g. white � standby/green � production
in progress/yellow � programming/red � stop).

2. Position of the user in the working zone of the cobot (e.g.
green � worker is in a safe zone/yellow � worker has to
be careful because in proximity to the cobot/red � cobot
stops because worker is too close to the cobot).

3. Cobot working mode (e.g. green flashing � manual
guided mode/green � collaborative mode/led turn off �
industrial mode/blue � collision or restart/red � error).

As for colour for light signals, there is no recommended
range; it depends on the specific collaborative task and cul-
tural background. Regarding the positioning of source of
visual feedback, most of the commercial cobots usually inte-
grate it on their base or in the zone near the gripper.

Although light-signal integration, as confirmed by the
benchmark, is the most adopted strategy in cobot communi-
cation systems, there are still few guidelines or standardised
tips that guide their design [46].

As a result, many signals are not intuitive and require sig-
nificant mental effort to be memorized. Learning the code,
especially when it is not perceived as intuitive, can become
very difficult, especially for a neurodivergent user. It is
mandatory that the reporting code does not add mental effort
to that required by the work task. Visual information can be
combinedwith acoustic feedback to reinforce themeaning of
the transferred message. Indeed, acoustic feedback acquires
an additional impact when combined to the visual one [52]
and vice-versa.

As for the visual signals, also acoustic feedback can be
modified to share different information in accessible ways
according to user needs [53].

5.1 Product design

The prototype has a cylindrical shape with a limited foot-
print, with overall dimensions equal to 20 cmHeight× 25 cm
Diameter, so that it can be easily placed in the workstation
area, without affecting the clarity of the information trans-
mitted on the curved surface. The sizing of the components is
studied taking into consideration the technical elements nec-
essary for operation and the context of use (e.g. workplace
with reduced available space).

The aesthetic of the device is inspired by that of the sig-
nal towers that are usually placed in industrial settings. In
addition, the rounded shape recalls the lines of the cobot’s
arm joints and makes the object more emotional and affec-
tive. Moreover, this shape could allow the device to be fixed

Fig. 3 Design and internal structure of the preliminary prototype of
(A)MICO

along the robotic arm, embraced to it, taking advantage of its
hollow cylindrical shape.

(A)MICO is composed of a base with a speaker, on which
the light-emitting tower is fixed. The tower itself is a hol-
low cylinder, covered by an opaline material, with grooves
for attaching five LED strips, as shown in Fig. 3. The paral-
lel LED strips are fixed at the central body, with a distance
around 1.5 cm from the rubber cover, in order to obtain a good
trade-off between the ability of demonstrating clear figures
and the need of not disturbing the worker.

All components are 3D printed in PLA and assembled,
except for the element covering the LEDs, made of semi-
matt rubber to provide a soft light feeling.

5.2 Feedback system

The multimodal feedback is composed by a combination of
visual and acoustic signals. The former are coloured lights
in the form of 2D graphic patterns, to be accessible also to
colour-blind users, and are emitted by LED strips, placed
in a matrix, integrated in the curved surface of the device.
The LED matrix allows the creation of coloured luminous
patterns on the cylindrical surface of the device, like in a
standard led matrix panel. The pattern is replicated across
the entire surface, so that it is always visible to the operator
when transmitting information.

The resulting user experience is natural and intuitive and
does not force the worker to do additional movements to see
the feedback. In order to reinforce the communication strat-
egy, and to meet the needs of specific users, acoustic signals
are also added.They are emitted by a speaker embedded in the
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base of the device, to transmit information clearly but with-
out annoying the user. The circular element with the LED
strips, due to its concavity, is used as a resonance chamber.

A distinguishing feature of (A)MICO is the compactmode
of transferring visual and acoustic feedback.Considering that
the sounds are emitted by the speaker integrated in the base
on which the cylindrical surface emitting the visual signals is
fixed, this means that the user gets the information from one
compact source. The strategy behind this feedback system
is to associate each visual signal with an acoustic one that
transfers the same information. The signals, which consist of
a sound and a graphic pattern, are transmitted simultaneously,
reinforcing the mutual value and making the message more
understandable.

Both visual and acoustic feedback were also designed
considering environmental factors of potential work settings,
such as light condition and background noise. They can be
adjusted in intensity or deactivated.

The design and development process of the feedback sys-
tem also considered that the visual and acoustic signals
emitted by the machines in an industrial setting are stan-
dardized in ISO Norms: Visual Danger Signals (ISO 11428
[54] and 11,429 [55]) and Ergonomics (ISO 7331 2005,
Danger signals for public and work areas, Auditory dan-
ger signals [56]). However, these documents do not provide
specific guidelines for designing an effective and accessible
human–robot interaction [57].

5.3 Software architecture

The (A)MICO prototype is connected to the robot controller
through a Bluetooth connection and the software interfacing
with the device occurs via ROS, the Robot Operating System
[58]. This guarantees a potentially very flexible and multi-
platform use, as more and more robot manufacturers develop
controllers compatiblewith theROS communicationmiddle-
ware.

Thedevice is controlled via dedicatedfirmware runningon
an Arduino Nano board. This architecture allows to translate
the actions of the cobot into lighting and acoustic patterns in
real time.

6 Preliminary co-design

To identify the type of information the device should transfer
and its modality, a preliminary co-design session was orga-
nized.

The main goal of this phase was to define the best com-
bination of visual and acoustic feedback that can support the
operator during the collaborative task, especially when there
is a risk of misunderstanding with the cobot or situation that
can be a potential source of stress.

6.1 Participants and recruitment

The present research activity was conducted according to the
guidelines of the Declaration of Helsinki and approval by the
Ethics Committee of Istituto di Ricovero e Cura a Carattere
Scientifico Eugenio Medea (protocol code N. 19/20CE of
20 April 2020) was obtained. All participants received an
information sheet about the aims and procedures of the study.
Before starting the data collection, they were asked to sign
an informed consent, including consent to the processing of
personal data.

Five users with high functioning autism (1 female and 4
males) were involved in the co-design process for creating
visual and acoustic feedback to be integrated in the physical
device (A)MICO. Participants were recruited from among
those who had already performed the collaborative task with
the cobot, without (A)MICO, for five days as mentioned in
Sect. 3.

6.2 Methods

To collect data about the type of feedback to integrate in
(A)MICO, the participants were asked to complete individ-
ually an interactive questionnaire using a tablet provided by
the researchers. The present activity was usually performed
after the last working day with the cobot, allowing partici-
pants to have a complete overview of the experience resulting
from the interaction with the cobot.

After the introduction page, the next four pages displayed
videos about different combinations of visual and acous-
tic feedback designed for situations identified as potential
sources of stress and anxiety (Fig. 4). This list of situations
was proposed by a group of researchers who observed par-
ticipants working during the collaborative task proposed in
the Mindbot project, described in Sect. 3.

The three situations identified as critical and needed to be
integrated with further explicit information, are the follow-
ing:

1. The cobot stops because an error has occurred requiring
the manual intervention on the system (e.g. the cobot
software crashes and needs to be restarted);

2. The cobot stops because the piece is not correctly posi-
tioned on the worktable, and it does not recognize/see it
(searching phase);

3. The cobot finds the piece (after the searching phase)

For situation 1 (error) there were three videos with the
same visual feedback but different sound proposals to choose
from. The same layout was used for the moment in which the
cobot finds the part. Finally, for the situation when the cobot
is searching for the part, in addition to the sound feedback,
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Fig. 4 Screenshots of the
interactive questionnaire. For
each situation listed above, the
researchers designed a
combination of visual and
auditory feedback and the
participant had to indicate which
one was best at conveying the
information

the participant could choose the colour of the visual feedback
between orange and green.

The proposed visual feedback was designed considering
the information emerged from the literature and from bench-
marking.

All the information that emerged was adopted as guide-
lines for designing the visual and acoustic feedback to be
implemented in the (A)MICO physical device.

7 Preliminary co-design results

After completing the questionnaire, participants expressed
their need for additional feedback informing about the overall
workflow status. Indeed, especially for people with ASD,
having frequent feedback on the ongoing work is a valuable
way for reducing stress and for having a better awareness of
time passing.

Figure 5 summarises the visual and acoustic feedback
designed considering the information that emerged in the
co-design. For the situation in which the cobot stops because

of a system error, the feedback chosen was composed of a
red “X” signal blinking with a sound that recalls the idea of
an alert. When the cobot temporarily stops because it cannot
find pieces, the feedback chosen was composed of blinking
orange arrows pointing to the worktable, with a sound effect
that recalls the idea of suspense. After the worker places cor-
rectly the pieces, the cobot restarts and all led blink in green
as a symbol of confirmation, together with an upbeat sound
[59]. Finally, to inform about the general workflow, rainbow
shades appear on the surface of (A)MICO together with a
positive sound reinforcing the idea of the achieved goal. The
logic behind this feedback can be customised according to
the task: in our case study, we decided to activate it every 10
completed assemblies. Video files related to the combination
of visual and acoustic feedback are available as supplemen-
tary material.
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Fig. 5 Overview of the visual and acoustic feedback chosen by the ASD participants involved in the co-design

8 Testing

To evaluate the potential of the designed feedback system,
twelve participants with ASD (2 females and 10 males) were
involved in the experimental tests. Participants had to work
on the same collaborative pick and place scenario described
above. All ASD participants recruited in this phase never
interacted with a collaborative robot before.

The test organised in the laboratory was composed of two
sequential phases: a practical trial with the cobot and a semi-
structured interview. As a first step, after a quick explanation
of the task performed by one of the researchers, each partici-
pantwas invited toworkwith the cobot for 5–7min to become
familiar with the activity. Then, for the same amount of time,
they were asked to perform the task with the help of the
multimodal feedback emitted by (A)MICO, which was posi-
tioned on a table in front of the human operator’s workstation
(Fig. 6). The researcher did not provide any explanation about
the significance of the feedback but was always available to
the participants in case of doubts about the task.

After this phase, each participant was individually
involved in a semi-structured interview performed by one of
the researchers. All participants had social skills that enabled
them to express their thoughts and actively interact with the
researcher.

The semi-structured interviews lasted around 15 min per
participant and aimed to investigate the quality of the expe-
rience, the comprehension of the feedback system and the
learning level of the task, through direct questions such as:

(1) In your opinion, which is the function of (A)MICO?
(2) Did you prefer working with (A)MICO or without it?
(3) Did the visual/acoustic feedback disturb you?
(4) Was the information given by (A)MICO intuitive?
(5) Where would you think the feedback source, such as the

device (A)MICO), should be positioned?

Fig. 6 Lab. setting implemented with (A)MICO. During the task, the
participant and the cobot assemble the pieces shown in Fig. 2, individu-
ally at their workstations until the collaboration phase. The participant
only enters the area of the cobot’s workstation if it needs to be refilled
with pieces

The participant was shown a quick video of each feed-
back before being asked about its meaning. This section of
the interview played a crucial role in identifying whether the
chosen visual and acoustic signalswere sufficiently represen-
tative of themessage they conveyed. The full list of questions
provided during the semi-structured interview are available
as supplementary material.

9 Testing results

The subjective data collected from the semi-structured inter-
views can be divided into three thematic areas: perception of
the device, understanding of the messages conveyed by the
multimodal feedback system and general opinion on the user
experience. All sessions were recorded, with the consent of
the participants, to facilitate transcription and organisation
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Fig. 7 Overview of the answers related to the perception of the physical
device (A)MICO emitting multimodal signal

of the results. Each participant was classified with a personal
code composed by the letter “P” (acronym for “participant”)
followed by a serial number from 01 to 12.

9.1 Perception of the device

All feedback was transmitted by the physical device
(A)MICO, which was placed on the table in front of the oper-
ator, near the cobot, as shown in Fig. 6. As the pie graphs in
the Fig. 7 show, half of the participants understood the gen-
eral meaning of the function of the device. Answers gathered
in the macro category “Providing information” also included
thosewho had partially understood the function of the device,
such as P12 who said “…to work in the factory. It means that
it is ready”. It was decided to keep this category very gen-
eral to emphasize that participants understood that (A)MICO
transfers some information.

Among the remaining answers, someone stated that they
did not know what the function of the device was, classified
as ‘don’t know’.

Regarding the potential risk of (A)MICObeing a source of
noise, no one seemed to be bothered by its presence. Indeed,
as confirmed by the answers to the question on the preference
to work with or without the device (Fig. 7), the participants
who answered that they preferred to workwithout (A)MICO,
explained that they did not pay attention to any kind of feed-
back and, consequently, were not annoyed by it.

9.2 Understanding of the feedback

The level of feedback comprehension, investigated in the sec-
ond part of the semi-structured interviews, played a crucial
role in the development of the feedback system. For each
combination of visual and acoustic signals experienced by
the participant during the practical part of the test, a video

Fig. 8 Overview of the answers given by the participants regarding the
understanding of the message conveyed by the signals

was played, asking what kind of message it was conveying
(Fig. 8).

The feedback designed to notify the presence of an error
emerged as the most intuitive: almost all participants (N �
10) understood that it referred to a negative situation. Only
two participants misunderstood the signal, identifying it as a
positive message.

The two feedback signals on the right of Fig. 8, regarding
the finding phase and the workflow, were mainly intended
as indicators of a general positive situation, without identi-
fying the specific meaning of the message. Considering that
users had a short time to work with the cobot, they were
not expected to specifically identify the two meanings of the
feedback but having understood that the message conveyed
was positive was considered a good outcome.

Regarding the former, only three participants did not
understand the meaning of the signal, providing not per-
tinent answers – “something shiny”, “phone notification”,
“buttons”.

Among the answers given for feedback on the workflow,
apart from the correct ones and those of the two partici-
pants (P04 and P05) who stated that they did not understand
the meaning of the signal, three participants (P01, P02 and
P07) gave other different interpretations – “something shiny”,
“sound similar to video games”, “buttons”.

Instead, feedback related to the searching phase (second
signal in Fig. 8) turned out not to be intuitive enough to be
understood. Indeed, most of the participants didn’t under-
stand which message was conveyed by it – “It means GO!”,
“Cobot is going down”, “Notice that the robot was looking
down”- giving a personal interpretation of the signal.
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9.3 General opinion on user experience

During the semi-structured interviews, several considera-
tions emerged on the user experience, highlighting the wide
heterogeneity of sensitivities [60, 61] of users with ASD.

Some interesting views emerged on the potential improve-
ment of acoustic signals: two participants (P03 and P05)
suggested that themessage couldbe conveyed throughwords,
instead of just sounds, to be more explicit – “I would like that
(A)MICO can say some words as “work done” or “work in
progress…”.

Another participant (P11) expressed the potential of
acoustic signals to keep the workflow regular, especially
when the user starts to get tired – “If the user is tired, sound
feedback helps to keep the workflow regular, providing a kind
of rhythm”. No relevant considerations emerged concerning
the visual patterns.

Several opinions were expressed about the positioning of
the device, that during the practical trial was placed on a
table in front of the user. One participant (P11) expressed
disappointment with this condition – “…the device should
be in another place. The currentpositioning is a source of
distraction for me. I did not look at it during work…”.

Five participants preferred (A)MICO to be positioned
closer to them – “I would prefer the device to be positioned
close to me to see the feedback better”-, while three others
on the arm of the cobot – “I suggest the cobot’s arm because
it is natural to shift attention to something is moving”-. Two
participants were happy with the current positioning of the
device, while the remaining two did not provide any com-
ments on this topic.

To better investigate feelings about the entire user expe-
rience resulting from the integration of (A)MICO, the last
question asked whether participants, after understanding the
meaning of the feedback, would like to have the device if
theywereworkers interactingwith cobots in production lines.
What emerged largely confirms the results from Sect. 8.1 on
the perception of the device, with a few exceptions (Fig. 9).

The six users (P01, P02, P05, P08, P09 and P11) who pre-
ferred working with (A)MICO already during the lab setting,
gave as their main explanation that, in a real working context,
having the feedback system could be a valid help to maintain
concentration at work, improve productivity and know what
the cobot is doing.

One (P03) of the three participants who did not know if
preferring to work with (A)MICO during the task, replied
that in a real work environment it would be better working
with (A)MICO, due to the personal discomfort in interacting
with people – “I would like to work with (A)MICO because
I prefer to interact with robots instead of people”. The other
two (P06 and P10) did not respond to the question.

Among the three (P04, P07 and P12) users who stated
that they did not prefer to have an (A)MICO available during

Fig. 9 The answers given by the participants regarding the potential
value of the feedback system in a real working context

the task, only one (P07) did not change his/her mind when
thinking about an application in a real context – “It is easier”
[working without].

10 Discussion

The main goal of the study was developing and testing a
multimodal feedback system that can be a valuable aid for
operators interacting with a collaborative robot. As declared
in the introduction, the design and development process were
structured following the guidelines proposed by the Design
for All approach that aims to design a solutions usable by the
widest possible range of users [62]. According to this, the
feedback emitted by (A)MICO is designed to provide infor-
mation without disturbing the human operator, improving
the work experience of both neurotypical and neurodivergent
users.

A group of potential final users were involved in a co-
design process, which is a creative cooperation during design
development in which the topic is approached from differ-
ent perspectives to achieve innovative design solutions [63].
According to this, the participants recruited for the testing
phase have a diagnosis of Autism Spectrum Disorders. The
results obtained provide a valuable starting point for dis-
cussing the objectives achieved and the future developments
of the project in terms of accessibility and social inclusion.
In addition, the inclusion of users with ASD in the design
process allowed to analyse the system from different per-
spectives and increase the acceptance of the final product
[64].
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10.1 Perception

What emerged from the interviews shows that half of partici-
pants understood the purpose of the presence of the feedback
system emitted by (A)MICO correctly. This apparently neg-
ative result was not surprising because in the laboratory
experiment, the idea was to provide no explanation of the
device in order to assess the degree of intuitiveness of the
experience. Furthermore, the participants were given a very
short time to familiarize with the cobot before (A)MICOwas
added to the setting. This condition, due to an organizational
limitation, did not allow them to become familiar with the
steps of the task and the potential errors or problems related
to it.

To better evaluate the results emerged, we also have to
consider that participants with ASD are characterized by
particular behavioural patterns [65] and reasoning processes
which are more reflective than intuitive [66]. The setting of
the experiment was specifically designed to test whether the
feedback system is sufficiently intuitive to cope with the par-
ticipants’ difficulties giving them limited time to reason about
the situation. Obviously, in a real work context, an explana-
tion of the use and functions of the device would be part of
its installation. Workers know the task and the sequence of
the cobot’s activities, but unexpected situations may occur,
which in turn may increase the risk of stress: this assumption
confirms the usefulness of having feedback to help identify-
ing and managing errors in these circumstances.

Regarding the addition of (A)MICO in the setting,
although the purpose of the device was not fully understood
by all, its presence did not represent a source of distur-
bance. This was a very important result considering that
ASDparticipantsmay be characterised by hypersensitivity or
hyposensitivity to external stimuli [67]. Indeed, as emerged
in the results, half of the participants preferred to work with
(A)MICOwhile those who preferred to work without it were
not bothered by it. Three participants did not provide any
answer.

This aspect suggests a good acceptability of (A)MICO
and of the feedback provided, but further studies need to be
conducted, with a wider range of participants, and planning
longer laboratory tests to assess the actual tolerance of the end
user to sound and light. Indeed, the final system must inte-
grate strategies to embrace the different stimulus perception
modalities of the widest variety of persons [68, 69] in order
to be a valuable aid in a working environment not specifically
designed for this target group.

10.2 Understanding

The level of understanding of the messages transmitted by
multisensory feedback is the core of the entire study and sets
the ground for future improvements. Indeed, developing a

tool that provides additional information in an intuitive way
allows the operators to achieve a higher level of autonomy in
the workplace [27]. The selection of participants with ASD
in the test phase was also a strategic choice considering their
difficulties in abstraction reasoning [70]: extracting complex
information conveyed by a combination of visual and acous-
tic stimuli is not such an easy process, especially for this
target group.

The message transmitted by the combination of flashing
red X with an alarm sound was rightly understood by almost
all participants (N � 10) as a sign of something negative,
such as an error or malfunction. Also, regarding the feedback
related to finding the component and the workflow, most par-
ticipants understood the positive message conveyed by the
signal. Not surprisingly, the specific meaning of both feed-
back was not understood, because the participants were not
very familiar with the task. However, not all signals proposed
have reached the goal to transmit messages in an intuitive
way: the one related to the “searching phase” turned out to
be the most critical to understand.

As with the other feedback, it is not surprising that the
specific meaning was not always fully understood, but the
problemwas that most participants were very confused about
the signal, both visual and acoustic. Some did not recognise
the graphic pattern as an arrow, others assumed the arrow
meant the cobot was looking at the worktable or that the
robotic arm moved the gripper towards the table. This mis-
understanding is probably also due to the fact that participants
were unfamiliar with the task and did not recognize when the
cobot was stopping for searching a part. What emerged sug-
gests that the signals need to be redesigned to transmit the
message more explicitly. To this end, as suggested by some
participants, a clear voice message could be more direct than
generic sound effects.

Some participants faced the problem that when the cobot
stopped, they did not know if the cause was an internal error
or just incorrect positioning of the parts, overall resulting
in a considerable waste of time. To avoid this situation, the
feedback, composed of orange arrows and a suspense sound,
needs to be redesigned to make it more explicit.

As a general consideration, the main element of misun-
derstanding was that the signals were often interpreted as
those emitted by a traffic light, which reflects the reflective
reasoning attitude of most ASD individuals [66]. According
to this, some users thought that the feedback related to the
searching phase was not linked to the idea of pause but to the
request of increasing the speed of task execution. In addition,
various participants interpreted the meaning of the signals in
association to their life experience. As an example, two of the
participants are video game players and their answers were
partly influenced by the logic of games.
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10.3 General opinion

The idea was to find out whether, starting from the personal
experience in the lab setting, the participant would like to
have the device (A)MICO available to become more aware
of the cobot activity in a real working context.

Investigating this topic was not an easy process because
people with ASD have several difficulties in abstracting
concepts and imagining what it might be like in another envi-
ronment [70]. Furthermore, communication problems of the
users contribute to make more difficult sharing their consid-
erations and observations [71, 72].

Participants were excited to work with a collaborative
robot and most of them would feel comfortable receiving
the additional information transmitted by (A)MICO in a real
working environment. Their responses revealed some traits
of ASD, such as a sense of duty or the need to be in control
of the situation [73]. One of the participants, who disliked
working in the presence of multimodal signals during the
laboratory task, stated the preference to have the latter avail-
able instead of dealing with human colleagues in a real work
context.

However, the general positive opinions could have been
influenced by the duration of the practical test, which lasted
approximately 15 min. The feedback could be a valuable
support to help the operator, but it should be tested over a full
working shift to assess that the feedback does not actually
bother.

10.4 Study limitations

This study was conducted with a reduced number of partic-
ipants with ASD: five in the preliminary co-design process
and twelve in the testing phase. Considering the purpose of
the study, specific data about the profile of the ASD partic-
ipants were not collected since a group of autism experts
supported the researchers in recruiting the population.

Considering the main objective of achieving a feedback
system accessible to all, further tests should involve users
with other types of neurodiversity and neurotypical par-
ticipants who were not involved in the testing activities
performed. In addition, (A)MICOwas tested when still in its
prototyping phase, which means that some technical aspects,
such as the adoption of Bluetooth connection, may be mod-
ified in future developments.

The validation tests should last more time to verify the
effective tolerability and acceptance of visual and acoustic
feedback. All users involved in the test had never been in
contact with a collaborative robot before and were very curi-
ous about the overall situation. This led to an overexposure
to stimuli, which made more difficult for people with ASD
keeping their attention on the feedback given. Above all, the

presence of the cobot was a main source of interest and, con-
sequently, distraction.

The name of the device, (A)MICO, was also an element of
misunderstandingbecause in Italian (themother tongueof the
participants) the same word means “friend”: for this reason,
in some sessions it was generally referred to as ‘device with
lights and sounds’.

11 Conclusion and future perspectives

Thepresentwork describes the development process and test-
ing of a feedback system, composed of a combination of
visual and acoustic signals, integrated in the physical device
(A)MICO designed to improve and facilitate the user experi-
encewhile interactingwith collaborative robots in production
lines. The co-design process and the testing phase were con-
ducted by involving users with ASD, which are potential
end-users of the system.

The results confirm the importance of having further infor-
mation to clarify those already provided by the cobot and
are application-specific. Indeed, the information transmitted
by current cobots usually refers to their state of activity, as
described in Sect. 2.2. This further highlights the importance
of developing a feedback system that gives specific informa-
tion about the task.

Having more information about the cobot activity allows
the operator to become more aware of the situation and
achieve a higher level of autonomy. Starting form this, work-
place can be redesigned to be more inclusive and accessible
for other end-users, opening new job opportunities.

With regard to the sensory experience derived by the
combination of acoustic and visual feedback, the level of
acceptance depends on the preferences of the individual user.
Indeed, considering the enormous heterogeneity of needs, not
only related to ASD, the possibility of customising signals is
an important aspect to be integrated into the final feedback
system in order to make the workplace of the existing cobot
system more accessible to all.

With this in mind, the design and development of acces-
sible interfaces to achieve this purpose will certainly be the
topic addressed in future related studies.
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