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Abstract
The latest market research (Fanuc Polska 2019) shows that the robotization of the Polish
industry is accelerating. More and more companies are investing in robotic production
lines, which enable greater efficiency of implemented processes and reduce labour
costs. The article presents the possibilities of using virtual reality (VR) for behavioural
analysis in open robotic systems with a shared workspace. The aim of the article is to
develop a method of verification of programmed movements of an industrial robot in
terms of safety and efficiency in systems with a shared workspace. The method of the
robot program verification on the digital model of the working cell made in VR will be
checked. The obtained research results indicate a great potential of this method in
industrial applications as well as for educational purposes.

1. INTRODUCTION
Virtual reality (VR) is used by many spheres of human activity. Until recently, most
people associated VR with the entertainment sphere, mainly for computer games, while for
many years it has been used in scientific research (Klarak et al., 2021; Kuts, Otto, Tahemaa
& Bondarenko, 2019; Sobaszek, Gola & Świć, 2022) and for educational purposes (Ji, Yin
& Wang, 2018). For example, it can be used in architecture or design, where people can
firstly try their projects in a digital environment before going to real projects (Kuts, Otto,
Tahemaa & Bondarenko, 2019). This way can prevent dozens of mistakes and errors without
any loss (Kuts, Otto, Tahemaa & Bondarenko, 2019). VR simulation could also be used in
manufacturing, robotics and control systems (Chen et al., 2018; Covaciu et al., 2018; Kot,
Novak & Bajak, 2018; Oyekan et al., 2019) by simulating different algorithms and control
methods. Another application is audio – to use VR as a sound visualization tool for artists or
the blind (Kose et al., 2018). Moreover, smart racks and simulations are done with force
feedback (Burdea, 1999) for a better haptic feeling of tested in VR joysticks, devices
or manipulators (Kuts, Otto, Tahemaa & Bondarenko, 2019). Fedorko (2021), investigated
an application possibilities of the VR within the failure analysis of the rubber-textile
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conveyor belts. Other studies concern the use of VR for robotic assembly works. Through
VR proposed setup a typical robotic cell that performs assembly operations could rapidly be
reprogramed to handle different assembly variations (Togias, Gkournelos, Angelakis,
Michalos & Makris, 2021). The energetic and economic aspects of VR implantation in
robotized technology systems are the subject of research Klačková et al. (Klačková, Kuric,
Zajacko & Tucki, 2020). Economic aspects of manufacturing systems design e.g. capacity
planning, system configuration and their effect on financial and operation costs are presented
in (Gola, 2014).
The development of manufacturing processes is related to the growing quality and cost
requirements of products (Bogucki, Stączek & Płaska, 2003; Cechowicz, 2003; Stączek,
Bogucki & Płaska, 2003; Świć & Gola, 2013) as well as the development of automation and
robotics systems. Automation is a process of replacing man's control function by operation
of various machines and devices (Blatnicky, Dižo & Timošcuk, 2016). The highly visible
development of robotic systems is also noticeable in the automotive industry, as evidenced
by the following scientific works (Blatnicky, Dižo, Barta & Droździel, 2020; Blatnicky
et al., 2020; Gola, Plinta & Grznar, 2021; Heydaryan, Suaza Bedolla & Belingardi, 2018;
Jenis, Hrcek, Drumercik & Bastovansky, 2021) and aviation industry (Bistak et al., 2017;
Vosniakos, Ouillon & Matsas, 2019). Handling with materials and products in the
automotive industry is an activity, which requires the use of suitable operations methods for
the transportation of a given quantity of material to a specified location in as short a time as
possible (Blatnicky et al., 2020). Vosniakos et al. (Vosniakos, Ouillon & Matsas, 2019)
analyzes the application of VR to the safety strategy of robots cooperating in the
technological line of composite materials. In (Wang, Chen, Jiao, Johnson & Zhang, 2019)
a human-robot collaborative welding system in virtual reality was proposed, which allows
them to collaborate with each other in order to carry out welding tasks. The welding
experiments show that the welded workpiece from human-robot collaboration has better
performance compared with that from either humans or robots separately and demonstrated
the effectiveness of the proposed virtual reality human-robot collaborative welding system
(Wang, Chen, Jiao, Johnson & Zhang, 2019). The VR technique is already widely used to
analyze robotic systems and verify the technological correctness of programs (Ehmanna
& Wittenberg, 2018; Heydaryan, Suaza Bedolla & Belingardi, 2018; Kuts, Otto, Tahemaa
& Bondarenko, 2019; Shen, 2020).
The latest market research (Wpływ robotyzacji na konkurencyjność polskich przedsiębiorstw III edycja, 2019) shows that the robotisation of the Polish industry is accelerating.
There are new security systems on the market that allow industrial robots to work in open
spaces (without fencing) and to share space between a machine and a human (e.g. FreeMove,
– Veo Robotics, 2020; Collaborative Robot Safety Made Simple, 2020). Preparing an
industrial robot to work in such conditions requires taking into account additional requirements (e.g. traffic predictability, traffic range, relation to the shared area) and carrying out an
extended safety analysis. It is also important to program the robot in such a way that the presence
of a human in the shared zone does not cause an excessive decrease in system efficiency.
The main aim of the article is to develop a method to verify the programmed movements
of an industrial robot in terms of safety and performance in systems with a shared workspace.
The method of verifying the robot program on a digital model of the working cell made in
VR will be checked. We propose to expand the field of application of this method with
behavioural analysis in open robotic systems with a shared workspace.
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2. RESEARCH METHODOLOGY
The simulation tests were carried out in the ABB RobotStudio offline simulation and
programming environment. VR goggles were used to verify the complete installation of the
robot's trajectory in a virtual environment.
The verification of the robot path and safety features of a robotic cell, a digital model was
created. A simple palletizing cell (Fig. 1) was chosen for the experiment. The access to the
cell was open at one side. The open side of the cell was protected by a simulated safety
system that would react (decrease the speed of the robot or stop the robot completely) if
a presence of a human operator or a transport vehicle was detected.

Fig. 1. Robot cell used in the experiment

The cell was equipped with a SSM (Speed and Safety Monitoring) safety system. The
dimensions of the safety zones (marked with red, orange and yellow) were calculated
according to the requirements specified in ISO/TS 15066 and discussed in (Szabo et al.
2012). The required separation distance S can be obtained from formula:
S = KH (TR + TB) + KR (TR) + B + C

(1)

where: KH is the approach speed of human operator – assumed 1.6 m/s as suggested in
TS15066, KR is the maximum robot speed obtained from kinematic calculations (full speed:
3 m/s, reduced speeds: 1.5 m/s in with operator in the yellow zone and 0.3 m/s with operator
in the orange zone), TR – system reaction time (assumed 0.21 s), TB – time to full stop
(braking time; obtained from simulation), B – stop distance (obtained from simulation),
C – minimum separation distance (assumed 1.08 m after ISO 13855).
The calculated separation distances for each zone are presented in table 1. The zones used
in the model (Fig. 1) are slightly oversized for clarity.
The main purpose of the experiment was to verify the safety of the human operator during
ad-hoc maintenance actions:
– making adjustments to the box on the infeeder,
– adjusting the position of the box in the pallet,
– stopping the robot at the picking position.
Furthermore, the reaction of the system to short-term safety zone intrusion (like people
passing) was tested.
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Tab. 1. Stop times and separation distances obtained from calculations

Area

Outside yellow zone

Yellow zone

Orange zone

Robot tool speed

3 m/s

1.5 m/s

0.3 m/s

Robot stop time (TB)

0.5 s

0.2 s

0.04 s

Robot stop distance
(including the reaction
time delay)

0.95 m

0.4 m

0.06 m

Separation distance (S)

2.8 m

2.0 m

1.5 m

3. RESULTS OF THE EXPERIMENT
This chapter presents the results of the experiment obtained from the simulation of the
states of human-robot cooperation depending on the situation in the palletizing cell. The area
in front of the robot is divided into 3 zones, after the operator enters the restricted area,
the robot slows down (first to 50% in the first, yellow zone, then to 10% in the second,
orange zone). After the employee enters the last, third zone, the robot stops all movements.
Fig. 2 shows the situation in which the robot works in the presence of a human being in
the second safety zone. The safety zones in the robot cell are color-coded as follows: 1st zone
– yellow, 2nd zone – orange, 3rd zone – red.

Fig. 2. Human operator in the 2 nd safety zone

The power of robot motors and the resulting TCP (tool) speed are shown in Fig. 3.
Limiting the speed of the robot helps to accomplish two objectives:
1) to decrease the distance at which the robot stops to safe values,
2) to reduce the stress level (or increase psychological comfort) of the person approaching
the robot.
To find out how people would react, some volunteers were requested to enter the robot
cell and perform one of the maintenance actions in a virtual reality setting (like verifying the
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sealing on of the box in the in-feed conveyor). The tests have shown that people felt greater
comfort and confidence when they saw robots reacting to their actions by slowing down and
then stopping completely. When the safety system was disengaged and the robot did not
react to the presence of humans, they had shown stressful reactions and tried to escape from
the cell quickly.

Fig. 3. Signals recorded during simulation: speed of manipulator and motor power – colours of the zones
in the graph correspond with the safety zones defined in the robot cell

The approximated category 1 (normal stop) stop distances were computed for each robot
axis using the functions built into the RobotStudio and are shown in Fig. 4. The computations
confirmed the feelings of the volunteers, that the robot speed in the second (orange) zone
allowed them to stop the robot almost immediately (computed distance is less than 10 mm
in each axis). The volunteers felt “at control” of the situation and felt confident to approach
the box on the conveyor or the pallet. The experiment has shown that volunteers quickly
gained confidence in the requested tasks and soon were performing them almost without any
consideration of the actual robot position and speed. This overconfidence could create dangerous
situations in the real world and should be addressed in further research. These findings show,
that all the personnel working near the open robot cells should at least have appropriate
training and that the safety procedures should be strictly imposed in such environments.
The experiment has also shown that the recovery time of the open cell was shorter that
the estimated re-starting time of a traditional, fenced cell. This in normal working conditions,
that is assuming no intrusions in the safety zones except for the process servicing, would
result in greater productivity of the cell.

Fig. 4. Signals recorded during simulation concern the stop distance – colours of the zones in the graph
correspond with the safety zones defined in the robot cell
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Fig. 5. Determining the trajectory of the robot's work on the palletizing station

Virtual simulation environment also provided a powerful tool for analysing and optimisation of robot trajectories (Fig. 5). The programmers with little robot experience could make
better decisions when they saw the robot path in 3D. This applied especially to assessing the
approach and depart distances and to the choice of joint or linear (circular) movements.
4. CONCLUSIONS
The article describes the design and implementation example of a VR-based system to
provide the user with a good understanding of the current production environment, as well
as the possibility of reprogramming the existing robotic cell. The benefits of using VR
consist in increasing the flexibility of the currently installed robotic cell in a cost-effective
manner and based on minimal hardware changes.
On the basis of the conducted analyses, a clear division into safety zones can be noticed,
depending on the presence of a human-operator in the robot cell. There are clearly noticeable
drops in the value of the manipulator speed and the engine power values in individual safety
zones. Conducted simulations with volunteers using VR goggles show human behaviour in
a robot cell with a shared work space. The main conclusion is that a person quickly gets used
to working in such a system, and seeing that the robot changes its operating parameters
depending on the place occupied by the operator, it gains confidence. Overconfidence can
create dangerous situations in the real world and should be the subject of further research.
Thanks to the use of the VR technique, it is possible to obtain better results of robot
programming and reduce errors in the actual adjustment of the cell with an industrial robot
to work in a shared area. In addition, the VR technique is a very good educational tool that
allows young engineers and operators of industrial machines, including robots and internal
transport devices to understand the processes taking place in the production space more
easily.
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