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Cobotics refers to the design, production, study, and use of work systems in which one
or more operator(s) interact(s) with one or more robot(s) in a shared space or remotely. This
type of system is increasingly present in industry. It aims to improve how things are pro-
duced in terms of performance and health/safety by drawing on the respective strengths of
operators and robots. Cobotic systems (comprising the operator, robot and task/environ-
ment) cannot be designed and put into service without anticipating difficulties related to
technical complexity, the use of the system, and the industrial process. With this in mind,
this article proposes to design systems based on simulations using an interdisciplinary ap-
proach drawing on ergonomics, robotics and cognitive engineering.

Keywords: Systems design, operator, ergonomics

1. INTRODUCTION

Cobotics refers to the design, production, study, and use of work systems in
which one or more operator(s) interact(s) with one or more robot(s) in a shared
space or at a distance (Claverie et al., 2013). This type of system is increasingly
present in industry. It aims to ensure production-line flexibility, improve perfor-
mance, reduce occupational illnesses and accidents and guarantee the employabil-
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ity of expert operators. To achieve this, we must take advantage of the complemen-
tary qualities of humans (flexibility, decision-making, expertise) and robots
(strength, endurance, speed, precision, repeatability).

To facilitate the deployment of cobotic systems (comprising the operator, the
robot and the task/environment) (Mouliéres-Seban et al., 2016) at workstations, an
interdisciplinary approach drawing on ergonomics, robotics and cognitive engi-
neering has been implemented at Safran and Airbus Safran Launchers (Mouliéres-
Seban et al., 2016). The first stage of this approach involves analyzing the opera-
tors' activity and the technical constraints at the current workstation and/or in refer-
ence situations similar to those ultimately targeted (e.g. situations already using
similar cobots). Then, the request is reformulated and the need described in detail
in a functional analysis drafted by the project stakeholders. The working group
then discusses the general design options with the input of potential suppliers, in
order to ensure their reliability. This is followed by the study stages that will con-
tribute to the system design and determine its feasibility.

Preliminary analysis
- Of operators' activity
- Ofreference situations

Functional specifications

General design options

Basic model

Basic studies
Design and evaluation of a mockup

Prototype specifications

Detailed studies
Design and evaluation of a prototype '

Technical specifications

Industrialization

Final system

Fig. 1. Diagram of the stages of an industrial project

During design (general design options and studies), the simulation is essentially
used to establish a forecast of what working with the future installation will be like,
in terms of its efficiency, the procedures, and the health and safety of operators.
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The simulation can also be used to identify needs and initiate operator training
(Daniellou, 2004). The aim of the simulation is not to decide the best way of carry-
ing out the tasks, but to estimate potential future types of activity with the planned
system and to check if they are ergonomically acceptable (Daniellou, 2007). It
makes it possible to check that the planned solution meets the operators’ needs, and
the constraints linked to the workstation, the work organization and the process. At
the same time, simulations allow to make assessments of technical feasibility. In
view of the complexity of human-robot interactions, this approach requires skills in
robotics, cognitive engineering and ergonomics (Mouli¢res-Seban et al., 2016).

In this article, we will look at the importance of simulations in industrial cobotic
projects, before giving a detailed description of a tangible example of a simulation
with a user test implemented at Airbus Safran Launchers.

2. COBOTICS AND SIMULATION

2.1. Simulation serving design

Below, the simulation approach is presented sequentially. Nonetheless, an ap-
proach based on simulations is part of a loop that includes:

— A top-down approach aimed at clearly defining the project objectives, thanks to
interaction with the people involved in the design process, and drawing on their
knowledge;

— A bottom-up approach for analyzing the operators’ activity in reference situa-
tions and building scenarios concerning future activity.

This dual top-down/bottom-up approach provides information to feed into the
simulation process. It also makes it possible to progressively validate the working
hypotheses (Garrigou et al., 2001).

The first stage involves establishing the group of participants (operators, fore-
man, decision-maker, maintenance officers, etc.). The operators are sometimes
physically absent from the actual simulation, whether they are modeled or not.
A human centered design approach makes them participate actively in the simula-
tion (Boy, 2013). In robotics, designers usually model operators in their simula-
tions using digital models. These models can include biomechanical parameters
(angles and efforts, for example) and even perceptual factors, such as representa-
tions of the operators’ fields of vision (Daniellou, 2007). However, this type of
modeling induces a significant bias because the digital model behaves in a way the
designers imagined the operator would/should behave. It does not incorporate the
behavior of an operator who consciously and subconsciously adapts to variables
that the designers are generally unaware of. Thus, for all these reasons, the “real”
involvement of the operators in the simulation processes is decisive for the project.
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Then, hypotheses and scenarios concerning the use of the future system are es-
tablished. They are based directly on the earlier analysis of the existing system,
while following certain rules (Daniellou, 2004):

— Chronological continuity: a tool does not just appear in an operator’s hand, he
must have found it somewhere.

— Cognitive continuity: e.g. how does the operator know something, how does he
see, etc.

— Consideration of the operator’s capabilities: e.g. the operator cannot cross the
workshop while retaining 50 numerical values in his head, and he cannot lift
100 Kkg.

The hypotheses can address the integration of human factors, for example by
simulating acceptability, errors made during simulated interactions, the workload
(physical and cognitive) or situational awareness (Drury et al., 2003). Simulations
also provide an opportunity to test hypotheses regarding the "robotic" aspects. The-
se hypotheses can range from the sizing of the robotic system to its detailed devel-
opment, such as how the robot is to be fixed (to the floor, wall, etc.), the feasibility
of the movements required to complete the task, or the integration of the various
technological modules. Finally, the hypotheses can also concern the industrial pro-
cess, which may undergo changes at the same time as the cobotization of the work-
station.

The scenarios can then be built on the basis of these hypotheses. Insofar as pos-
sible, they must take into account the variables the operator will potentially be
faced with and all the operating modes of the future installation (normal, transitory
and in case of failure) (Thibault, 1998). Finally, great attention must be paid at this
stage to take into account the different modes of operator-robot interaction (see
Table 1).

Table 1. Roles of the operator during human robot interaction (based on Scholtz, 2002)

Master: the operator uses local or remote control to operate the “slave” robot, which has
a little or no autonomy. This type of interaction is sometimes used to teach a robot
a particular task on the production line.

Team-mate: the operator works together with the robot.

Supervisor: the operator checks the robot’s work and may give the robot instructions.

By-stander: The operator works in the same area as the robot but does not purposefully
interact with it; however, the operator must "understand" the basics concerning the robot
in order to work safely in the same room, and to ensure good productivity.

Maintenance officer: The operator checks and adjusts (if necessary) the software and/or
hardware of the robot.
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Once the scenarios and hypotheses have been prepared, the design and produc-
tion of the simulation materials can begin. The materials vary greatly according to
the project phase (see 2.2) and according to the human-robot interaction you want
to simulate. The simulation materials can range from plans/sketches to prototypes
and models (Thibault, 1998). The plans and models may be digital or physical (e.g.
drawings or cardboard models). The level of detail depends on the compromise
between representativeness and implementation time, in order to meet the objec-
tives described above in the most effective way and make any design modifications
as simple as possible (1ISO 9241-210).

In addition, new virtual and/or augmented reality tools enable users to be im-
mersed in the future work situation. These tools are now used to evaluate human-
robot interactions (Weistroffer et al., 2014).

During the simulation, different measurement systems can be set up to provide
answers to the hypotheses formulated:

— Subjective tools: questionnaires (before and after the test); oral or written state-
ments from the subject; observations about the subject (behavior, reactions,
strategies, etc.);

— Objective tools: performance measurements (for a task: duration, errors, quality,
etc.); physiological measurements (heart rate, skin conductivity, pupil dilation,
EEG, fMRI, etc.); measurement of the subject’s behavior (eye-tracking, motion
capture, etc.).

In human-robot interaction, physiological measurements give information about
the subject's condition, i.e. stress, cognitive load or fatigue, for example. This
makes it possible to note trends concerning the acceptability of the situation for
users. In order to evaluate the interactions during a simulation (Weistroffer et al.,
2014), you can also use general usability criteria, such as Bastien and Scapin crite-
ria (Scapin, Bastien, 1997) or Nielsen’s criteria (Nielsen, Molich, 1990) for exam-
ple.

The results of the simulations make it possible to validate/reject the hypotheses
established at the start and also provide a lot of additional data gathered when the
people concerned are placed in a simulation environment (concerning the planned
process or future task, for example). Consequently, simulations are a useful tool to
accompany change because the users buy into the future system and will more
likely accept it thanks to their proactive involvement in the industrial project.

2.2. Simulations according to the different project phases

During an industrial project, simulations provide decisive information at each
different phase of the project (Thibault, 1998; Barcellini et al., 2014), particularly
when the project concerns cobotics. Indeed, operators can find out about new tech-
nical systems while bringing their expertise and participating in the design.
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Theoretical solutions: Following the preliminary analysis and initial discussions
with potential suppliers, the working group comes up with one or more potential
solutions. To evaluate the solutions and ensure all the stakeholders understand
them in the same way, it is very useful to have a simulation that is quick to imple-
ment. For example, it may be based on story-telling, diagrams or sketches, or
a basic 3D digital animation. Note that a 3D animation can have a “marketing”
aspect to help convince decision-makers.

Basic studies and model: Once the potential solution has been validated, the
basic studies can begin. This stage makes it possible to fine-tune the design, nota-
bly using a model tested by future users. Here, the model is a non-functional phys-
ical or digital reproduction of the future work system. Consequently, it provides
new information concerning the technical feasibility, the human-robot interactions
(feedback and the operator’s action means), on the consistency of the scenarios,
and on the future process. After this, an action plan can be proposed to pursue the
project.

To evaluate the human-robot interactions, the model should be "interactive," i.e.
it can be used to perform simplified tasks. For example, the operator can handle a
cardboard model of a robotic arm in order to assess its usability.

The production of the model may be outsourced, but the in-house input data
must be taken into account, and the scenarios supplemented and validated by the
project team.

Detailed studies and prototype: The aim of the detailed studies is the same as
for the basic studies, i.e. to obtain information concerning the technical feasibility
linked to the use of a robot, concerning human-robot interactions and concerning
the process. However, this stage results in a much more advanced cobotic-system
design. To this end, a prototype is designed based on the results of the preliminary
analysis and the basic studies, before being tested by the working group (operators,
foreman, designers, decision maker, maintenance officers, etc.). In this context, the
term prototype refers to a functional (or partially functional) physical model of the
future work system. It allows to assess the cobotic system under more realistic
conditions than the previous models. The prototype is usually produced by a sup-
plier in close collaboration with the project's stakeholders, since its development
demands specific expertise that is generally not available within the company.

2.3. Simulations based on the type of cobotic systems

The type of cobotic system (co-location, co-manipulation or remote operation)
chosen within the framework of the industrial project will directly influence the
type of things that need to be simulated.

Co-location: The operator and the robot work in the same workspace with no
physical separation.
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The first aspects to be taken into account when designing a robot that works in
the same space as an operator are performance, safety and acceptability. In an in-
dustrial context, the system must obviously meet performance requirements, in
spite of safety systems (limited speed and efforts, operator detection, etc.). The
safety aspect can be addressed through risk analyses supported by information
from the simulations; this will make it possible to establish the requisite safety
measures. It is difficult to assess acceptability by simulating the operators close to
robots. On the other hand, they can be placed in a situation where they are in con-
tact with cardboard models, or even immersed in the situation using virtual reality,
for example (which makes it possible to incorporate the behavior of the robot)
(Weistroffer et al., 2014), or even using real robots (although this is more demand-
ing in terms of resources and safety).

Simulation also makes it possible to analyze other important points in an indus-
trial project, such as flows (inputs and outputs) and integration of the system in the
current workshop.

Co-manipulation: The operator manipulates the robot directly. There are sev-
eral types of co-manipulation: the operator can manipulate the robot’s tool, the
operator can manipulate several parts of the robot, or the operator can wear the
robot (exoskeleton), which is attached to the operator at several different points.

In addition to the aspects addressed in the previous paragraph, for co-
manipulation, it is important to simulate physical contact between the operator and
the robot, for example by evaluating efforts and postures (Maurice et al., 2014). To
do this, passive models are often used to validate the structure and bulk of these
systems. It is also possible to directly use cobots (robots specially designed and
manufactured to interact with humans), which ensure safe human-robot contact.

Teleoperation: The operator interacts with the robot remotely.

As regards remote operation, the safety and physical contact aspects only need
to be taken into account for transitory or failure modes. On the other hand, since
operators work at a distance, they must have enough information to have an ade-
quate overview of the situation (for example, what visual information should the
operator have?) and the means to act according to the requirements. In this way, the
level of autonomy can be adjusted according to the situation in order to achieve
optimum performance, switching from one of the following modes to another
(Kaber et al., 2000): complete autonomy, supervisory control (Sheridan, 1992),
decision support or manual control for instance.

To simulate this kind of remote interaction, it is possible to build a mod-
el/prototype of the information and devices proposed to the operator (screens, indi-
cators, alarms, joystick, haptic device, etc.).
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3. PRACTICAL CASE: INTERACTIVE MODEL OF REMOTE
OPERATION

3.1. Project context

The simulation presented was used for an industrial project to design a cobotic
system to clean tanks soiled with a pasty, sticky, pyrotechnic product. Following
preliminary analysis and the needs definition, a potential solution was retained,
after confirmation of its viability by suppliers with technical and practical experi-
ence. The planned system comprised a teleoperated robot (to keep operators far
from the pyrotechnic area) which was suspended above the tank. It was attached to
a linear axis allowing it to reach every part of the tank, change tools and to be kept
clear of the tank in transitory and failure modes. The aim of the simulation was to
evaluate the planned solution, particularly the remote supervision and control of the
robot.

An interactive digital model was developed using the V-REP robotics simula-
tion software (Rohmer et al., 2013). Five students evaluated a preliminary version
of the test, which made it possible to perfect the test before launching the final
simulation sessions. Then, ten novices (7 female and 3 male employees from the
company, with an average age of 34) and eight operators who are experts in manu-
al tank cleaning (only men, with an average age of 36) participated in the test
which lasted 30 minutes.

The aim of the simulation was to evaluate:

— The supervision for the automated part of the cycle (scraping the wall of the
tank);

— The feedback about the status of the situation given to the user;

— The control of the simulation activity using a keyboard (accurate but con-
strained) and a joystick (freer interaction) for scraping the walls.

The secondary objective was to collect hands-on information about the need to
train operators to control the robots, and the acceptability of the simulation and the
control system.

3.2. Test protocol

Before starting, the subjects filled out a questionnaire and then carried out the
test following the operating procedure given to them on paper. They filled in an-
other questionnaire at the end.

During the test, the users could move through the scenario using a graphical us-
er interface and control the robot using a keyboard or a joystick (see Fig. 2).
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Fig. 2. Photograph of a user performing the test

The screen display is divided into 4 windows (see Fig. 3):

A “tool” view;

An intermediate view to keep an eye on the robot’s configuration;
An overall view of the system;

A graphical user interface (presenting data and buttons).

rpOODNDE

Fig. 3. Screen display during the User test

A partial cleaning scenario was implemented. It included part of an automated
supervised cycle, then a free training period to get used to the manual control (to
reduce the learning effect), and finally a time-controlled session that involved
cleaning several soiled areas with the joystick and the keyboard.

3.3. Results

In this part, the “keyboard control” and “joystick control” conditions are abbre-
viated as KC and JC.

The results of the novices and operators were analyzed together since the one-
way ANOVA tests showed that the duration of the task was the same for the two
population groups for KC (F=0.01 ; p=0.925) and JC (F=0.14 ; p=0.716).
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Supervision of an automated cycle: The supervision of the automated cycle was
evaluated using a questionnaire (proposing Likert scales with 5 levels), the results
of which are presented in Fig. 4. Overall, the users were satisfied with the supervi-
sion of the automated cycle (average of 92.5% satisfaction as regards the ease of
the task, and an average of 77.5% satisfaction regarding the positioning of the
cameras).

100

80
60 -
40 -
20 -
0 -
Posmomng Eas Pleasant Not tiring Entertalmng
of the
camera

Fig. 4. Bar graph of satisfaction (%) concerning the supervision of the automated cycle

Control using the keyboard and joystick: To measure KC and JC, we used two
approaches: measurement of performance (cleaning time) and a questionnaire
(proposing Likert scales with 5 levels). The main findings are presented in Fig. 5
and Fig. 6.
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Fig. 5. Bar graph of Satisfaction (%) concerning KC and JC, compared with users’ expecta-
tions

The Wilcoxon test confirms that JC is significantly more distracting than KC
(W =41; p = 0.038), and that the two means of interaction are easy to use (W = 23;
p = 0.48).

Moreover, the users generally found KC and JC easier than they imagined be-
fore carrying out the test (average of 69% user satisfaction for KC and JC com-
bined, compared with the expected rate of 50%).
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Fig. 6. Duration of KC and JC for each user in relation to “KC duration = JC duration”
represented by the straight line

The difference between the performance for KC and JC follows a normal law,
verified by the Shapiro Wilk test concerning normality of the difference (p > 0.1).
The test for paired data showed no significant difference between the performance
with the keyboard and the joystick (T = -0.22; p = 0.830). From a qualitative
viewpoint, it should nonetheless be noted that a group of 10 users was more effi-
cient than the others with the two control methods.

3.4. Discussion

The proposed experimental system has several limits in terms of the representa-
tiveness of the simulation:

— The cleaning process was simulated in a very succinct way; the emphasis was
placed on the robot’s movements and the interactions;

— The fluidity of the robot's movements during the interactions does not take into
account all of the robot’s parameters (for example its inertia, which can alter the
interaction);

— The users were aware the robot was virtual.

Furthermore, not all the work situations were simulated. Indeed, only two situa-
tions (supervised and teleoperated scraping) were tested, due to the development
time required and operator availability.

This simulation was conducted during the basic study phase, so it did not re-
quire a greater degree of detail, since all the other situations were discussed with
the working group at the same time. The results of supervisory control and
teleoperation of the robot fed the next simulations’ steps. The main results led to
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the improvement of the cameras’ positions, in particular for the tank’s bottom, and
the choice of the joystick for flexibility reasons.

4. CONCLUSION

In this article, we wanted to demonstrate the importance of simulations in
cobotic industrial projects.

To illustrate this, we drew on the practical example (described in 0) of a simula-
tion implemented during the basic study phase for a remote-operation system. This
case study shows how simulation makes it possible to take the following points
into consideration very early in the project cycle when designing a cobotic system:
— The workstation constraints, highlighted by analyzing the existing situation;

— The technical constraints, linked to the interaction between the robot and the
operators (the future users of the system);

— The findings concerning the means/tools used for remote supervision and control
of the robot, which were used to design the prototype during the next stage of the
project.

Moreover, the user tests produced other results (which are difficult to measure):
— The operators were able to provide expert input concerning the process - and

thus improve the design - and to further define the needs linked to controlling the

robots;

— The operators - who were already included in the previous phases - were able to
further assimilate the future system, and confirm that it met their requirements as
the project progressed.

A prototype is currently being developed based on the described results. It will
also be evaluated via simulations involving future users.

Finally, simulations in industrial cobotic projects play a decisive role in antici-
pating:
— The feasibility of a cobotic system (a difficult issue, due to the complexity of

human-robot interaction and the technical tools involved);

— The system’s performance (crucial for industrial requirements);

— Operator safety (in relation to the robot and possibly the process);

— The acceptability of the planned solution with regard to future work situations;

— The initiation of operator training.

Consequently, simulations represent a crucial stage in the development of
cobotic systems, providing practical input to support design throughout the project
cycle.
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SYMULACJA DLA PROJEKTOWANIA PRZEMYSLOWYCH SYSTEMOW
COBOTYCZNYCH

Streszczenie

Cobotyka odnosi si¢ do projektowania, produkcji, badania i korzystania z systemow
pracy, w ktorych jeden lub wigcej operatorow wspoétdziata z jednym lub wiecej robotami
w przestrzeni wspolnej lub zdalnie. Ten rodzaj systemu jest coraz czesciej obecny w prze-
mysle. Ma on na celu poprawg sposobu realizacji zadan pod wzgledem wydajnosci i bez-
pieczenstwa/zdrowia przez wykorzystanie odpowiednich mocnych stron operatorow i robo-
tow. Systemy Cobotic (obejmujace operatora, robota i zadania / sSrodowisko) nie moga by¢
projektowane i uruchamiane bez przewidywania trudno$ci zwigzanych ze ztozonos$cia tech-
niczng, wykorzystaniem systemu i procesem przemystowym. Majgc to na uwadze, niniej-
szy artykul proponuje zaprojektowanie systemow opartych na symulacjach z wykorzysta-
niem podejécia interdyscyplinarnego opartego na ergonomii, robotyzacji i inzynierii kogni-
tywnej.

Stowa kluczowe: projektowanie systemow, operator, ergonomia



