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Abstract

Nowadays, the profession of a robot programmer is becoming more and more necessary. However,
due to the complexity of the software used, a lot of experience and training is necessary. Training that
not everyone can access due to the lack of availability of these machines. In addition, new technologies
such as virtual reality (VR) are emerging, providing a world of new possibilities. This project aims to
create a more straightforward and intuitive way of programming, taking advantage of VR technology.
In addition, it is expected to flatten the learning curve required for the operators, thanks to a more
natural way of programming. A software has been developed in order to achieve that. Within this
software, the user can interact with the virtual robot to create the path that the robot will follow,
specifying all the necessary parameters for its programming. In addition, one of the most important
functionalities of this software is program exportation. The user can export a program at the touch of
a button. This generated robot program is ready to be imported to the physical robot, where it will
perform the same path as the virtual robot was performing.
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1. Introduction

1.1. Background

Nowadays, the use of robots has become more popular, making companies save time and resources.
However, industrial robots, used to facilitate production processes, are dangerous if no safety
measures are applied (Qureshi and Syed, 2014). Collaborative robots, while similar in structure to
traditional robots, are designed to collaborate with humans. They are equipped with the necessary
technology to ensure the safety of the operator even if he/she is interacting directly with the robot.
Moreover, the interaction between the user and collaborative robot is quite intuitive, as the user can
directly drag the robot with his hands to the desired position. In opposition, classical industrial robotic
arms require fences around them and other safety measures. That is why collaborative robots are
emerging in the industry (El Zaatari et al., 2019). However, in some situations, it could not be possible
to access the robot for programming and testing current and new features, as well as
modifying/optimizing existing robot programs. Virtual Reality (VR) opened the doors to a new way of
programming robots, independent of real-world factors. With the use of this technology, the user is
introduced to an immersive experience, where he/she can interact in a really natural way with a virtual
environment. The primary purpose of this project is to introduce VR programming to industrial
manipulators and demonstrate the potential of using this kind of virtual environment.

1.2. Problem Statement

As the use of robots both in industry and in people's daily lives increases, the profession of robot
programmer is becoming more and more requested. However, due to the complexity of the software
used and a non-intuitive way of programming, excessive experience is required (Akan et al., 2011). This
is why new coding techniques are being developed in order to facilitate the programming of robots.

Furthermore, robotics is a significant area of knowledge, which is difficult to understand if the user
does not have the possibility of working with a real robot. This may be due to a lack of budget for the
purchase of new equipment, because it is currently under installation or even because it is being
repaired. The availability of those machines is an essential factor during operator training. However,
by the use of the new technologies, as could be VR, is it possible to emulate the experience of being
with a real robot.

In addition, the user's safety and mental comfort may be compromised when manipulating real robots.
With the use of VR technology, the user can program the robot in a completely safe way, thus
increasing their mental comfort (Burghardt et al., 2020).



1.3. Aims and Objectives

This project aims to create a program that allows the user to robot programming with VR in a simplistic
and low time-consuming manner, fulfilling some of the gaps of the currently released software. The
developed program would allow the user to program industrial manipulators from Universal Robots
(UR), with the possibility of exporting the generated program to the physical robot (Universal Robots,
2021).

The main objectives are the next:

e Analysis of the current state of robot programming.

e Comparison between VR robot programming and the current programming method.

e Develop a programming environment to simulate the robot in VR and program its movements
within the simulation.

e Flatten workers learning curve by implementing systematic training using gamified VR
experiences.

e Export the simulated program to the physical robot.

1.4. Extent and Delimitation

The project's main scope is to generate a software through which the user could program UR industrial
manipulators in a more simplistic way. In this case, the experiments will be developed using the
collaborative robot UR10e due to availability. In addition, as this project aims to reach several
companies, both large and small, VR technology has been selected, as currently, it is a more affordable
technology than augmented reality (AR) or mixed reality (MR).

1.5. Sustainability

In order to be sustainable, the World Commission on Environment and Development, (1987) states
that a project has to meet the needs of the present society without compromising the ability of future
generations to meet their own needs. In other words, for being sustainable, development has to take
care of the resources available and not wasting them unnecessarily while having economic growth and
being beneficial for the society at the same time. Nonetheless, sustainable development should
accommodate all three main pillars of sustainability (economy, environment, and social) without
neglecting anyone in order to meet the objective of sustainability. (Nurul et al., 2021)
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Figure 1. Venn Diagram For Sustainable Development (Tomas et al., 2020).

According to Fet and Knudson (2021), Considering improving environmental sustainability is needed
and required to minimizing the resource use, avoiding pollution, and the unnecessary expense and
disposal of resources, especially into natural systems. For this reason, the objective of environmental
sustainability is to take care of the resources that the world provides, so the next generation should
have the same quality of life that the current generation has. Based on the previous statement, in
means of environmental sustainability, this project is sustainable. Because, as long as it is a software,
the companies would reduce their energetic demand if the software is used to simulate and program
the robots while they are powered off. However, if companies do not reduce the use of the physical
robot by using this software and use both at the same time, energy consumption could be increased.

Social sustainability addresses the current society, being a criterion for the creation of basic amenities
necessary to develop and improve the living standard of the inhabitants of a nation (Leje et al., 2020).
The aforementioned statement indicates that social sustainability includes enhancing the comfort and
health of humanity, as well as the creation of job opportunities. In addition to several more factors
(Dudzai, 2018; Yilmaz Balaman, 2019). However, social sustainability may be perceived as a complex
and highly subjective concept due to the qualitative nature of measurement (Nakamba, Chan and
Sharmina, 2017). Concerning this definition, this project could be defined as socially sustainable due
to the avoidance of dangerous situations while programming the robots using VR. In addition, this
software could be used in education since the project could give a different way of understanding and
interacting with the robots without having a real one.

Finally, economical sustainability aims to improve the standard of living. In the context of business, it
refers to the efficient use of assets to maintain company profitability over time. In other words,
economical sustainability can be considered as having more profits than expenses. Including the
reduction of operation costs and optimizing life cycle economic performance, without compromising
the other two pillars of sustainability (Nurul et al., 2021). In means of economic sustainability, this
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project could help the economic growth of the company which uses it. Because as it is stated
previously, this software would reduce the energy necessary to power the plant, or save production
time, wasted on the online programming of the different robots of the company.

1.6. Outline

This section aims to clarify the structure of the report and specify the main contents of each chapter.

Chapter 2: Theoretical Frame of Reference - The theoretical frame of reference explains the concepts
and technologies used in the thesis.

Chapter 3: Literature Review - This section analyses previous work that is related to the current
project.

Chapter 4: Methodology — This chapter explains the methodology taken for developing the thesis.

Chapter 5: Results - In the results chapter, the final version of the project is analysed, and it is
determined if the thesis has achieved the desired final development point.

Chapter 6: Discussion - This section addresses the different problems encountered during the software
development and some possible factors that may be affected by the project.

Chapter 7: Conclusions - The conclusions section provides an overall explanation of connotations of
the project and the obtained results, indicating which parts were successful and which parts could be
improved.

Chapter 8: Future Work - This last section determines the work that was possible to be achieved but
out of scope, and the further development of the project, encouraging the reader to carry out such a
development.
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2. Theoretical Frame of Reference

Throughout this section, the different terms and concepts necessary for the understanding of the
project will be explained.

2.1. VR Glasses

First of all, it is necessary to separate the different reality technologies, such as AR, MR, and VR. The
real environment and the virtual environment (also called VR) are the two extreme points of the
reality-virtuality (RV) continuum. All the information is either real or virtual. Everything between those
extremes incorporates virtual and real elements and is called MR (Egger and Masood, 2020).

AR is an enhanced version of reality created by using technology to overlay digital information on an
image of something being viewed through a device (Merriam-Webster, 2021). The first AR technology
was developed in 1968 at Harvard when computer scientist lvan Sutherland created an AR head-
mounted display system. It wasn't until 2008 that the first AR commercial application appeared
(Javornik, 2016).

The VR term was narrowed down relatively early in 1960. In addition, the VR term began to be shaped
and understood mainly as a technology that will support a different interface between the personal
computer and the human user (Arvanitis, 2019). However, it was not until 1987 that the term VR was
defined in a way similar to how the technology is conceived today. This term was coined by Jaron
Lanier. VR is a computer simulation of a real or artificial environment that gives the user the impression
of actually being within the environment and interacting with it without intrusive technology
(Chambers, 2021). Furthermore, the commercial uses of VR are dated as far back as 1980 with the
arcade video game Battlezone. This means that VR technology has been under development constantly
since long ago (Tanaya et al., 2017). Nowadays, VR has gone beyond the entertainment field and has
been introduced into the industry. This offers new opportunities to all kinds of companies, from
allowing them to interact with future models of the factories and control and analyse its current state.

One crucial factor in the choice of VR glasses is the price. Nowadays, VR technology is more developed
than other visualisation techniques, especially in the gaming industry. Therefore, this technology has
reached a more affordable price (Ghrairi et al., 2018).

Figure 2. HTC Vive headset (HTC Vive Virtual Reality System, 2021).
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2.2. Unity 3D and C#

Unity 3D and Unreal Engine are the most used tools for VR developers. In addition, some of the most
used VR programming languages are Java and C#, the latter being the most used in Unity 3D (Ghrairi
et al., 2018). However, Unreal Engine cannot program in these languages as it is limited to C++. Due to
this and the different advantages of Unity 3D mentioned below, this will be the software with which
we will develop our project.

Unity 3D is a multi-platform game engine developed by Unity Technologies. It offers rapid prototyping
and the possibility to develop applications on different VR devices. In addition, it supports several 3D
formats and has an enormous assets compilation in its “Unity assets store” (Tanaya et al., 2017; Ghrairi
etal., 2018).

As mentioned, Unity 3D can be programmed in both Java and C#, being the latter the most commonly
used in Unity-3D. In addition, although both are good object-oriented programming languages, C# has
a simpler and more intuitive interface and allows the use of the .NET Framework, which provides
numerous valuables classes and administrations (Ghareb, 2016).

2.3. Collaborative Robots

The Robot term is a Slavic word for worker. However, the use of its word was settled in 1921 with the
play RUR (Rossum’s Universal Robots) written by Karel Kapek. Nowadays, the definition proposed by
the Japanese Industrial Robot Association and the Robot Institute of America is focused on the use of
robots in the industry. However, is prefered the following definition, which states that a robot is a
machine that can be programmed to do a variety of tasks and decide by itself logically according to the
received data (McKerrow, 1991). Robots have several advantages today, such as performing repetitive
work over long periods of time, with high speed and accuracy. Or even performing work in
environments that are harmful to humans.

A collaborative robot (also referred to as cobots) is a robot designed to be safe when working alongside
humans. Cobots, integrated with advanced safety technologies, are designed for sharing their
workspace with humans thus achieving the “right” amount of automation. However, as the level of
collaboration grows, the system tends to become complex. Due to this reason, the industrial
application of cobots in labour-intensive processes is still limited (Malik and Brem, 2021).

In this project, the choice of collaborative robots is made because of availability. Nevertheless, an
advantage is that collaborative robots are becoming more prevalent in the manufacturing industry
during the paradigm change towards smart manufacturing and industry.

Furthermore, human operators’ dexterity and cognitive skills can be complemented with the
repeatability and payload capability of the robots and effectively integrate to achieve high productivity,
flexibility, low ergonomic risk, enhanced safety, and reduced cost. The goal market share of
collaborative robots is expected to grow 8000 times in the near future. This means that despite their
implementation in the actual factories is low, in some years, they would be a big active within the
industry (Zhang et al., 2021).
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Figure 3. Collaborative Robot (Bouchard and Bélanger-Barrette, 2015).

2.4. Robot Programming

In the existing framework of robot programming, we can find different programming methods.

e Online programming consists of stopping the robot from performing its task and switching it
to programming mode, allowing the programmer to move the robot setting new targets. Once
the robot's program has been developed or modified, it can return to work. We can find two
different main methods that use online programming:

o Lead-through programming consists of the use of the FlexPendant (which is a
controller used to both move and program the robots) for the online moving of the
robot. Programming skills are required, and teaching trajectories in this way can be
tedious and time-consuming. However, new methods are being developed to facilitate
programming, such as ABB's Wizard Easy Programming. Based on simple graphical
blocks, Wizard Easy Programming makes it easy for non-specialists to automate their
applications. The blocks represent actions such as "move to a location", "pick up an
object" and "repeat movements", making it easy and intuitive to build a series of

simple processes for the robot to perform (ABB Industrial Robots, 2021).

Figure 4. Lead-through Programming Method (Christine Gunnarsson, 2020).
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o Walk-through programming consists of letting the user physically move the robot's
end-effector through the desired points so that the robot records those positions.
Although the programming time consuming can be reduced with this method, it is
needed to equip the robot with the measuring system required. Usually, these
measuring systems are based on a sensor, typically mounted on the robot wrist to
measure forces and torques during the interaction. Those variables are exploited as
inputs to the robot's control system to accommodate the forces applied by the
operator. This is typically achieved employing compliant control schemes, such as
admittance/impedance control. Although, there are robots that already have it built-
in. In addition, the user's comfort may be compromised by the direct handling of the
robot (Villani et al., 2018).

Figure 5. Walk-through Programming Method (Collaborative Robotics Trends, 2021).

Offline Programming consists of the remote simulation of the task in a 3D model of the
complete robot workstation. After simulation and testing, the program is exported to the
physical robot. Despite being a commonly used method, it is time-consuming and non-intuitive
(Burghardt et al., 2020).

Figure 6. Offline Programming Method (Staubli, 2021).

Programming using VR is the programming method that will be covered in this thesis. It
consists of the virtual simulation of the robot and workspace, where the user can virtually
interact with the robot, setting the movements and paths it should follow. Once the robot cell
is modelled, it becomes an intuitive and time-saving programming method, where
considerable experience is not required as it is similar to walk-through programming. Besides,
it contributes to increasing employees' safety and mental comfort in real conditions of
cooperation with robots (Oyekan et al., 2019; Burghardt et al., 2020).



Figure 7. Programming using VR (Bobby Carlton, 2017).

2.5. Bézier Curves

15

In 1962, the French engineer Pierre Bézier discovered a method of defining curves by control polygons.

Based on the principle of approximation, Bézier curves are parametric polynomial curves defined by

control points that are considerably employed in computer graphics to create smooth curves. The most

frequent examples of Bézier curves applied are linear, quadratic, and cubic, as shown in Figure 1 (Satai
et al., 2021). These curves can be used to create a path from a series of targets. Subsequently, this
generated curve could be followed by a robot.
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Figure 8. Example of Bézier Curves (Satai et al., 2021).
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2.6. Type of Robot Movements

The movement of a robot through a path is determined by the kind of movement defined in each
instruction. The UR robots have three different types of movement implemented.

e Linear Movement (Movel) The end effector of the robot follows a linear trajectory through
the path waypoints previously defined. The trajectory of the end effector is calculated by linear
interpolation between the origin and the destination points (Luis Aroca Trujillo, Pérez-Ruiz and
Rodriguez Serrezuela, 2017).

Figure 9. Movel (Omron Industrial Automation, 2019).

e Process Movement (MoveP) The execution of this movement is similar to the linear
movement. However, the end effector does not go through the waypoints. Instead, the robot
generates a curvature avoiding the waypoint, defined by the blend radius. The blend radius of
a waypoint is the radius of curvature which is used by the robot for not reaching the target.
The blend radius is usually measured in millimetres, and its range is between 1 mm and 1 m.
Besides, although the circular movement is not implemented, it can be generated by a process
movement. The robot starts the movement from its current position or StartPoint, moves
through a ViaPoint specified on the circular arc, and an EndPoint completes the circular
movement (Universal Robots, 2009).

Figure 10. MoveP with a blend radius of 50 mm (Universal Robots, 2009).
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Figure 11. MoveP (Omron Industrial Automation, 2019).

Joint Movement (Movel) The use of this movement allows the manipulator to reach an end
position, where the robot end-effector does not have to follow a linear trajectory between the
initial and final point. In addition, the different joints are controlled for executing the
movement at the same time (Luis Aroca Trujillo, Pérez-Ruiz and Rodriguez Serrezuela, 2017).

W///1 1111~

Figure 12. MoveJ (Omron Industrial Automation, 2019).



18

3. Literature Review

In this section, related work will be analysed and studied. In addition, common shortcomings will be
determined.

Nowadays, there is a trend to connect robotics with VR, as is shown in numerous articles. The main
themes are simulation (gamedautomation, 2021) and telepresence (Du, Do and Sheng, 2020).
Moreover, it is known that the training of the operators through VR is beneficial for the collaboration
between them and the robot (Hormaza et al., 2019). Some studies in the medical area proved that
some patients had more enthusiasm when they worked with VR, compared to sessions conducted
without this technology. Due to this, it is hypothesized that the workers will be more willing to work if
the task is more fun or interactive, thanks to using this technology (Ghrairi et al., 2018).

However, there is not so much software that helps the user generate the robot’s code through VR.
Currently, the most important software that does that is RobotStudio and VR Robotics Simulator,
which uses VR technology for robot programming. However, both softwares have shortcomings. VR
Robotics Simulator is a highly intuitive program and allows the simulation and programming of an
industrial station. Although it is a brilliant program, it is not possible to export the generated code to
the physical robot. The current program only allows the user to export the points as XML. This reduces
the usage of the program for simulation (Mindrend Technologies, 2021).

On the other hand, there is RobotStudio from the company ABB. This software also has the possibility
of programming robots through a simple interface using VR. The current software has all the proposed
functionalities of the project, as could be teleport, simulation control, jog movement by the interaction
with the virtual robot. The program has additional functionalities, such as an auto path generator
called RECORD. However, because it is private software, this program only allows the programming of
robots from this company. Despite the enormous potential of this software, this fact significantly
reduces the scalability of the software (Holubek, RuZarovsky and Delgado Sobrino, 2018).

In one previous study made by Bolano et al. (2020), an environment was made and used to intuitively
offline programming the robot trajectory and the task workflow. As stated in this article, the system
proposed in that framework enables an easier and more efficient definition of a robot program
combining offline and online programming methods. Using this method, the waypoints of the desired
trajectory can be defined by dragging the virtual robot, avoiding robot configuration problems.
Afterwards, the robot trajectories and operations could be exported in a format compatible with the
open-source software responsible for controlling the real robot, with the possibility of simulating or
modifying the current program in the same environment. However, the system developed only works
with forward kinematics, does not export the program as a robot compatible software, only export the
cartesian trajectories, and does not have collision detection. Nevertheless, the future work of this
project is implementing the system through augmented reality for a more intuitive and realistic
visualization of the defined software.

Holubek, Ruzarovsky and Delgado Sobrino (2018) present the possibility of using VR as a supporting
tool using the offline programming method for industrial robots. This study shows how the robot’s end
effector is moved through the virtual workstation to the desired position using the haptic hands’
controllers and the VR glasses. Once the gripper is in the desired position, the user can create a target
and, when two targets are set, the virtual robot can follow the path between them. In addition, the VR
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simulation is directly connected to the Process Simulate (PS) environment, which is shown on a 2D
screen. The paper also discusses the possibility of connecting the VR simulation and PS environment
to the physical robot. Their main objective was to use the virtual robot in the virtual environment to
teach its position in the PS software programming environment. They did not develop a code during
the simulation for later exporting to the physical robot.

Michas, Matsas and Vosniakos (2017) generated a robot program within a Virtual Environment (VE)
controlled by an Xbox 360 controller. Their article discusses the benefits of programming within a
virtual environment, such as time saved or more intuitive development. The software that is
presented, developed in Unity 3D, saves the targets keeping the six robot joints values, thus obtaining
not only the location of the point but also the orientation. When the targets are set, the path is
generated by interpolation, obtaining an accurate movement. While interacting with the virtual robot,
code is generated in the V+ programming language (a visual Programming Language that simplifies
system integration and programming tasks by its intuitive program design) (V+, 2021) and can then be
exported to the real robot. Besides, it also features a collision detection system implemented in Unity
3D, which changes the object’s colour in case the robot end-effector collides with it. Despite all these
functionalities, the main handicap of this project is the user interface. As mentioned above, the user
has to interact with the program with an Xbox controller. To set a target, the user must move the end
effector by pressing buttons and increasing or decreasing the X, Y and Z values. The same happens with
the reorientation of the end effector. Moreover, due to the lack of virtual glasses, the user has to take
care of the camera angle using the controller buttons. Due to these factors, programming in this way
can be less intuitive and time-saving compared to using VR technology.

In this paper, Su and Young et al. (2019) describe a software where the user, by the use of VR
controllers, leads the virtual robot to the chosen points with the instantaneous replication of the real
robot’s movement. The user is equipped with the HTC Vive virtual glasses and controllers. The user
can reach the desired positions and orientations of the end-effector by the movement and rotation of
the controllers. This project uses two virtual robots, one is almost translucent, and the other one is
white. The user can interact with the translucent robot moving it to the desired target. The white
virtual robot will follow the translucent robot movements, and, at the same time, the physical robot
will replicate the white virtual robot movements. An exciting part of the research deals with the fact
that, depending on the accuracy that the operator needs for each task, the robot’s movement will be
adapted, making the movement more or less sensitive. This is calculated according to the distance
from the end-effector to the target. The main weakness of this project is that it is not possible to
generate a program from the movements as the program focuses on replicating the virtual movement
on the real robot.

Subsequently, in a similar project, Theofanidis et al. (2017) managed to make a software for robot
programming using virtual reality. This software uses the inverse kinematics of the manipulator, the 4-
DOF Barrett WAM, to generate a robot program in ROS. This is made by moving the end effector with
the right hand, without the need for a controller. This is possible thanks to the integration of the Leap
Motion Controller into the Oculus Rift Headset. The main problem of the program is that it is not
possible to move the different joints of the robot directly. The user can only move the end effector.
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In the study of Rodriguez Hoyos et al. (2021), a software that also uses a sensor to detect the user’s
hands (MYO Armband sensor) was developed. In this case, it detects both hand movements and up to
4 possible gestures. This software allows the user (using VR glasses) to control a virtual robot, make
paths, save targets, and determine orientations with hand gestures. It is also possible to generate a
program from the simulation and then export it to the real robot to perform the task. However,
although the gestures and sensor work for simple movements (like linear movements), the MYO
Armband sensor calibration result was not the expected. Moreover, this project has not either the
possibility of moving the different robot joints separately nor a collision system detection.

Finally, Blankemeyer et al. (2018) implemented an intuitive robot programming using the HoloLens,
which are the AR glasses developed by Microsoft. This application generates a virtualization of the
robot using AR. With this technology, it is possible to move the virtual robot to the desired positions
to program a trajectory and detect possible collisions. The main problem with this software is that it is
exported in Kuka Robot Language. Future work of this project includes the implementation of more
programming options and possibilities for describing flow logic and path planning. With the current
application, only a predefined pick-and-place sequence with a free adjustable offset is possible.

To sum up, previous similar projects have been developed, which verifies the possibility of creating a
programming environment through VR, which eases the programming labour. However, most of those
projects have a common limitation. This is the lack of scalability, allowing only to export the program
to some specified commercial robots, or even more limited, only exporting the trajectory coordinates.
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4. Methodology

In the following section, the methodology followed for the project development is presented.
Furthermore, it is explained how this methodology has been applied during the project.

Following a methodology is important for the correct organization and development of the project. In
this case, after consideration of different methods, the systems development research methodology
(SDRM) will be used. SDRM includes a five-step research process with relevant research topics at each
step, as shown in figure 3. In addition, although the SDRM research method is essentially linear, it is
possible to cycle back to an earlier step at any point in the process (Nunamaker, Chen and Purdin,
1990; Venable, Pries-Heje and Baskerville, 2017)
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Figure 13. SRDM Flow Chart.

> Construct a Conceptual Framework
e State a meaningful research question.
e Investigate the system functionalities and requirements.
e Understand the system building processes/procedures.

> Develop a System Architecture

e Develop a unique architecture design for extensibility, modularity, etc.
e Define functionalities of system components and interrelationships among them.



22

> Analyse & Design the System

e Design the database/knowledge base schema and processes to carry out system functions.
e Develop alternative solutions and choose one solution.

> Build the (Prototype) System

e Learn about the concepts, framework, and design through the system building process.
e Gain insight about the problems and the complexity of the system.

» Observe & Evaluate the System

e Observe the use of the system by case studies and field studies.

e Evaluate the system by laboratory experiments of field experiments.

e Develop new theories/models based on the observation and experimentation of the
system’s usage.

e Consolidate experiences learned.

4.1. Methodology Motivation and Application

This particular methodology has been chosen because it is well suited to the needs of this specific
project. It has a clear structure and very useful content. Furthermore, it is possible to return to a
previous step at any time, which makes it flexible.

In order to develop the desired software, the guidelines set out in the methodology have been
followed. To start with, the Conceptual Framework was constructed. For doing this, the main questions
that should be considered before the software development have been determined, as could be “What
are we aiming for?”, “Why?”, “How can it be achieved?”. Furthermore, the different tools, programs
and features that will be needed for the project development were chosen.

Next, the system architecture was developed. In this part, the different basic functionalities that the
software should have were determined. Furthermore, it was devised how these different parts of the
program would interact with each other as well as with the user.

Once the functionalities and interactions were clear, the analysis and design of the program were
started. In this part, the main focus was on the user. All menus, interactions, functionalities and
features were designed always looking for the most intuitive and simple way for the user. This gave
rise to several discussions since it was wanted to make the program as user-friendly as possible. A final
design was eventually arrived at.

When the whole system was designed, it was time to build it. Following the design and using the tools
and programs mentioned above, the software was developed. During the development, some
problems arose and were solved. This allowed improving the understanding of both the tools used and
the framework covered.

Eventually, the program was evaluated and tested. The testing of the software was subjected to
complicated and difficult-to-solve scenarios. Furthermore, it was also checked that all interactions with
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the user as well as with the functionalities did not cause any problems. As for the evaluation of the
program, it was intended that users both with and without experience with VR technology and
programming robots would be chosen to test the program. After testing it, users were to give their
feedback about the program and whether the software actually met its main objectives.
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5. Results

Using both the tools and the method presented above a software has been developed. It is expected
to meet the desired objectives. This new program allows the user to interact and program a virtual
robot within a virtual environment, thus making the programming task more intuitive, simple, and
safe.

5.1. Previous Work

The project has been developed using previous work done at the University of Skéve by Patrik
Gustavsson, who is a professor at the aforementioned university. He has written several papers such
as (Gustavsson et al. 2018), where he studies the different technologies of communication between
humans and collaborative robots. Another very interesting paper, which also shares some objectives
with our project, is (Gustavsson et al. 2016). It talks about the possibility of introducing speech
recognition, haptic control, and augmented reality for the programming of collaborative robots. This
would lead to a fully functional programming-by-guidance system. This system would make it easier
to teach the robot the task even if the operator is not very experienced. In addition, it would eliminate
the use of the flex pendant, making the programming of the robot more intuitive and simple.

Within the previous work used for the development of the project, the 3D model of the robot UR10e
was implemented, solving the forward and inverse kinematics of the robot. In addition, a basic
movement system was implemented, including a waypoints management and a simple path that uses
the Bézier curves to get the interpolation between the targets, as shown in figure 14.

Figure 14. Base Software.

Using this project as the starting point for the developed software, the desired final state of the project
was expected to have functionalities utterly different from the base software.
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5.2. Program Control

During the operation of the program, the user has many possibilities. Therefore, it was necessary to
create an intuitive and simple menu with which the user could access the different tools and
functionalities. After the consideration of various kinds of menus, the radial menu was chosen. This is
a very comfortable option for the user as he/she can choose between the different options with the
simple movement of the thumb on the touchpad (the touchpad is a tactile surface that incorporates
the controller). Finally, two radial menus have been incorporated, one for each controller, and their
layout is as follows.

The radial menu placed in the left controller has four tabs, as shown in figure 15, each one with
different functionalities. If the “Simulate” tab is pressed, the robot will perform the path. If it is pressed
again, the robot will stop. With the “General Speed” tab, the speed of the whole simulation can be
modified. If the user presses the “Code” tab, a window will be displayed where the code will be shown.
Finally, if the “Go Home” tab is pressed, the robot will jump to the home position.

Simulate

N\

Go
Home h

General
Speed

«

Code

Figure 15. Radial Menu Left.

The radial menu placed in the right controller has six tabs, as shown in figure 16, each tab is used for a
specific task. With the “Joint Movement” tab, the value of each joint can be modified. If the user
presses the “Rotate TCP” tab, he will be able to rotate the robot wrist around the TCP (Tool Center
Point). To avoid overloading the radial menus, an “Extras” tab has been added. Within this tab,
different functionalities can be found, such as the one used to delete all the targets or the one used to
hide the targets’ axis. If the “Save” tab is pressed, the robot program will be exported. When the
“Target Management” tab is pressed, the user can change some robot default parameters. Eventually,
if the “Move Type” tab is selected, it will be possible to choose the type of move desired.
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Figure 16. Radial Menu Right.

5.3. Programming environment and Simulation

Avirtual environment was necessary for placing the virtual robot. After considering importing a ready-
made scenario, a proper scenario was finally created. The creation of the environment shown in figure

17 is based on basic 3D objects, like a cube or a sphere, using different free-to-use textures acquired
from the internet.

Figure 17. Virtual Environment.

Within this software, the virtual robot is supposed to move as the physical robot would do. For the
simulation of the robot movement, it is required to generate a path previously. After creating a path,
it is possible to simulate the robot movement through this path by pressing the play button at the left
radial menu. The simulation speed can be modified by the user, as shown in figure 18. These speed
variations will affect only how fast the robot moves during the simulation. It will not influence either
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real-life movement or the instructions written in the code. Finally, the path could be modified during
the simulation by modifying the targets or deleting them.

Figure 18. General Speed Handler.

5.4. Robot]og

It was needed a way of moving the virtual robot to the desired positions. Due to that, the jog
movement and the move joints were implemented. With the jog movement, the user can move the
end effector of the robot in a really easy way. If it is needed more accuracy or a specific joint
configuration, the user can use the move joints.

The robot jog has been developed simulating the walk-through programming method of the
collaborative robots, which is moving the robot by grabbing its wrist, as is shown in figure 19. In order
to do this, it is necessary to move a point in three-dimensional space. The robot reaches this point by
calculating its inverse kinematics.

If it is desired to move the robot through the joint values, it is also possible by modifying the sliders of
the jog menu, as is shown in figure 20. By doing this, the joint values are changed directly on the robot,
and after each frame, the end effector point is updated with the result of the forward kinematics of
the robot.
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JOINT VALUES

Figure 19. Wrist grabbing. Figure 20. Joint Values Management.

Finally, it is possible to rotate the robot around the TCP (Tool Center Point) by changing the end-
effector orientation. This is achieved using the same method used for moving the robot by grabbing
the robot wrist.

5.5. Path Creation and Targets

For the programming of the robot, path creation is necessary. This path will contain the main
waypoints through which the TCP of the robot has to go through. In other words, a path is an
agrupation of points that determines the movement of the robot. This path can be followed in different
ways, depending on the robot selected movement. If the “Move Type” tab is pressed, the user can
choose between the three types of movement previously mentioned in the theoretical framework of
reference (Movel, Movel and MoveP).

The targets are created at the robot’s end-effector when the user determines it, using the controllers.
These targets are represented with a yellow sphere and provided with three axes that determine their
rotation and position, as shown in figure 21. The purpose of the targets is to mark the positions to
which the robot will go through once the simulation is started.

Furthermore, the targets’ position and orientation can be modified by the user in the same manner as
the position of the robot’s end-effector. When the user approaches the controller to one target, this
changes from yellow to blue, as shown in figure 22, so that, if there are two targets in close proximity,
the user can know which one is being selected. In addition, once one target is being modified, a “ghost”
target appears, with the appearance presented in figure 23. This “ghost” target shows the initial
position and orientation of the target that is being modified so that the user has it as a reference. Once
the target is deselected, the “ghost” target disappears.
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Figure 21. Target Visualization. Figure 22. Target Selection.

Figure 23. Ghost Target.

Each target has different properties, which are mandatory for the programming of the robot. These
properties are the joint values of the robot, the blend radius (if it is a process movement), the type of
movement, the speed, the acceleration, the time and the instruction. This last consists of the
instruction that the real robot will follow to reach that target.



30

»10 : MoveL

LS
3

LINEAR SPEED

20 : MoveFr

P
250 mm/s LINEAR SPEED

250 mm/s

Figure 24. Target Individual Menu.

Those values can be modified while the robot is being programmed using each target individual menu,
as shown in figure 24. If the default values are not changed for the future programming, during the
use of the software, the default parameters are the UR10e robot default parameters: move type =
movel, speed = 0.25 (250 mm/s), accel = 1.2 (1.2 mm/s?), zone = 0 (fine, stop point), time = 0 s. The
latter consists of setting the time that the robot has to spend to go from one target to the next. These
default settings can be changed at the user’s preference using the “Target Management” tab for
setting the specific velocity and zone and the “Move Type” tab for choosing the type of movement.
Each type of movement has a different colour for the path line. Move L (linear movement) is
represented with clear blue, Move J (joint movement) with purple and Move P (process movement)
with yellow, as shown in figure 25.

Figure 25. Move L, Move P and Move J.
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5.6. Program Exportation
During virtual robot programming, different code instructions are generated. These are defined among
others by the position of the targets, the type of movement selected, the speed, the configuration of
the robot when creating the target...

Once the robot programming has been completed, the generated code can be checked on the “Code”
tab, placed at the left radial menu, as is presented in figure 26. If it is desired to test the current
program on the real robot, it is possible to export the code to a .script file. This file is ready to be
imported directly into the robot without further modifications.

Graphics Variables

Script Code

‘ [R&otlfrogr:m.scrip!

Script code will be included from the selected file

global p10=(5 550147, -0.894349, -1 500983, 4746880, 1 4, 0.1}

gobal p20=[2 745269, -09748526, -1 865096, 4 189900, 3 Tooeos: o
glooal p30=[5.759586, -0.6965676, -2.007120, 429351, 1 518436, 0.5,

global pd0=(4.764749, -0,9948376, -2 251475, 4.892761, 1.937315, 0| &

9lobal p50-(5.773031, -0.93616, -2.23558, 465997, 1 632718, 06773 e
global p60=(5 815408, -1 06285, -1 744065, 4 470151, 1 468536, 0 91!

global p70=(4 482879, -1.300249, -1 406718, 4357484, 2 287346, .0~ Clear

move(pl0, a=1.2, v=025, t=0)
movelp20, a=12, v=0.25, t=0)

- movel(p30, a=14, v=1.05, t=0)
- movel(p40, a=12, v=0.5, t=0)
movep(p50, a=1.2, v=0.25, r=25)

e < movep(p60, 8=1.2, v=0628, t=0, r=10)
//<\)/ _— movel(p70, a=12, =025, t=0) )
Show Targets .

Figure 26. Code Tab. Figure 27. Exported Program.

5.7. Improving the robot movement

As mentioned above, the previous work of Patrik Gustavsson has been used for the development of
this project. In this, the robot is programmed to go from one target to another following a bezier curve.
The developed software was supposed to use the Bézier curves for creating the different paths, with
the different types of moves, such as process, joint or linear movements. However, as shown in figure
28, the paths created by Bézier curves did not pass through all the targets of the path itself, unlike
what is performed with the real robot paths. For adjusting the robot path, new movement methods
have been developed to make the virtual robot follow the same path and do the same movements as

the real robot would do.
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Figure 28. Bézier Path.

For instance, a linear movement was created by the translation and the rotation of the end effector
through the line generated by the linear interpolation between both targets. However, in reality, there
is a similar movement that goes through an approximation instead of passing by all the points, defined
by the blend radius. This movement type is the process movement. The simulation of the blend radius
has been a challenging part. For doing this, it is necessary to have at least three waypoints. These three
points are the StartPoint, the MiddlePoint (the one with the blend radius) and the EndPoint, as shown
in Figure 29. For calculating the curve that the robot has to follow, the intersection points of the
straight lines (which connect each pair of points) and the sphere, placed on the intermediate waypoint,
are calculated, according to equation 1.

Step Point = Py — A X (Py — P;)
Equation 1. Step Point calculation.

Where A is the result of the equation 2, using o calculated with the blend radius (r) in the equation 3.

—2xax@2xa)?2—4xax(a—r)

A=+
2Xa

Equation 2. A parameter calculus.

2
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Equation 3. a parameter calculation.
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Figure 29. Calculation of intersection points.

Finally, the process movement with this blend radius is a linear interpolation between the first point
and the first step point, a quadratic interpolation between the first step point, the MiddlePoint and
the second step point. Finally, a linear interpolation between the second step point and the EndPoint

is calculated.

If two zones are determined in a row, it is necessary to determine a third waypoint which is the
intersection between the line that connects the second and the third point and a sphere with the
assigned blend radius, with the centre in the third point. If the distance between the MiddlePoint and
the third waypoint is shorter than the distance between the MiddlePoint and the second waypoint,
the robot omits those waypoints, as is shown in Figure 30.

Figure 30. Blend radius overlap not allowed (Universal Robots, 2009).

5.8. Testing and Evaluation

At the final steps of the project, the software has been tested and evaluated, by different methods.
This subsection groups the different testing and evaluation methods used and states its results.
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5.8.1. Testing

For the testing of the developed software, the program has been used for creating difficult and
irregular paths, including the different kinds of movements implemented (MoveP, Movel, and Movel),
and deleting or amending the path waypoints, during runtime. Finally, the generated path was
exported for further comparison with the real robot movement. Resulting in a similar performance of
the generated trajectory. With a variation of the joint speed depending on the stretch covered.

The results of these kinds of tests could be visualized by scanning the QR code contained in figure 31,
where both the real and the virtual robot simulate a star-shaped trajectory. Previously generated in
the developed software.

Figure 31. Virtual Path Creation and Exportation.

Furthermore, during the testing process, the developers have been moving the robot to some
singularity positions, previously calculated, in order to analyze the “singularity detection” function.
Resulting in a satisfactory outcome. Involving a validation of the kinematic calculations performed by
Patrik Gustafsson of the simulated robot.
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| 3
Figure 32. Singularities Detection.
Finally, the controller menus have been tested by opening different menus at the same time, or by
pressing the different controller buttons without a specific order. By doing this, it has been possible to
find some sequence errors, as could be the vanishing of all the menus at the same time. The
aforementioned errors have been corrected.

5.8.2. Evaluation

It was desired that the evaluation of the developed program would be carried out through the use of
the program by different types of users. With a wide range of ages and without the need for minimum
knowledge.

However, due to the current pandemic situation, this could only be partially realized. The software has
been tested by a small number of individuals, whose feedback has resulted in the need for an initial
tutorial to show the user how to use the program. There is also a distinct lack of intuitiveness in using
the menus. Nevertheless, the majority of testers have a positive opinion of the project. Along with a
big difference in adaptation between users with previous VR experience and users without VR
experience.

Finally, it can be stated that the developed software is more intuitive and eases the way to program
collaborative robots. However, it is necessary to improve the intuitiveness of the software in order to
achieve optimal use and reduce learning time.
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6. Discussion

During this section, some of the gaps in the final program version will be discussed. In addition, the
opportunities, threats, strengths, and weaknesses of the project will be analyzed, using a SWOT
analysis.

The resulting system is capable of delivering an immersive experience to the user. It will be possible
to create a robot program without the need for coding by using the presented tools and functionalities.
This will make the experience of robot programming more intuitive and easier for both new and
experienced users. However, this solution has room for improvement, and it has been necessary to
overcome some obstacles to achieve it.

Within this software, the environment was supposed to be updated to a 3D model of the IRMA working
space, where the real robot UR10e is placed. Nevertheless, due to a lack of time and to the futurist
look of the environment, it was decided to leave that environment as the final environment.

In addition, the robot movement could be challenging to use when the user is a novice due to the
rotation around the X axis being inverted. The inversion of the rotation around the X is because the
end effector uses the local rotation of the right controller. The problem previously mentioned is not
easy to correct because inverting the rotation inside the software involves an extra rotation during the
program's execution, which makes the robot vibrate around the desired position.

Finally, one of the most problematic parts of the project's development, due to its unpredictability and
high frequency of appearance, was the management of the controllers. This was because of the use of
an old version of the library of steam VR. From the start, the old steam VR library was introduced to
the project without problems. However, after using different headsets for the project's testing, the
device index of each controller varied. As long as the program is not prepared to automatically change
the input devices' index, the controllers are not detected by the program when there is a mismatch
between the actual index and the supposed index. Next, the user has to restart the program or change
the indexes to be able to continue working.

Furthermore, an SWOT analysis has been made. By using this method, it is possible to determine the
internal and external strategic factors. The internal strategic factors are divided by the strengths and
weaknesses of the project to discover dependent factors that the developers could change. On the
other hand, the external strategic factors are divided by the opportunities and the threats. These
factors are not dependent on the project.

Those factors have been structured in tables 1 and 2, separating internal and external factors and
ordered by their importance.
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Strengths Weaknesses
All kind of final users aim | High R&D needed

Virtual Reality Product Complexity

Scalability Product Variety
High Computational

Simplicity Requirements

Table 1. Internal Factor SWOT.

Opportunities Threats
Remote Work No Regular Use
New Technologies Complex Programs

Low Cost of Implementation | Constant Updates Needed
Emerge of robotics at
education Increase of similar projects

Table 2. External Factors SWOT.

As is stated in the SWOT analysis, the internal strengths of this project are the scalability of the
program, meaning that it could be used for programming some different industrial manipulators within
different workstations, the simplicity of the functionalities implemented at the software, the aim of all
kind of users, starting with the companies, and finishing with the education sector, and finally, the use
of VR, because of the innovation provided by the use of this technology at the industry. In fact, several
companies are already investing in the development of such technologies within the industrial field.
For instance, the company ABB has implemented a VR system in RobotStudio, as has been described
in the Literature Review.

On the other hand, the internal weaknesses of the project are the high research and development
needed for developing the software, with the addition of the software complexity and the product
variety (several different robots). Moreover, the computational requirements of the program are very
high since it is necessary to run a virtual model and adapt it to VR. However, the benefits of generating
a digital twin of the factory for working through VR exceed the drawbacks. Due to the countless
possibilities offered, as could be the prediction of unexpected situations, or even the visualization of
the factory, and its upgrades, in a more realistic way.

Furthermore, some external opportunities make the project suitable for further development. As could
be the emergence of remote work, backed up with the new technologies (such as VR), the low cost of
implementation for the final users (since they only need the software and a virtual reality headset), or
finally, the emergence of robotics at education. In addition, there is the possibility of creating a
telepresence system for working remotely by using a direct connection between the machines used
with the VR.
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However, some external threats put this project in an unfavourable position. Such external threats can
be the need for continuous updates and corrections of the software, the possibility that the user wants
to generate too complex programmes for which the software is not prepared, or the increase of similar
projects, which may compete with. On the other hand, the aforementioned external threats can be
considered indicators that the project is at the forefront of innovation and its effectiveness.
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7. Conclusion and Future Work

In this project it has been sought to make the programming of robots easier and more intuitive,
allowing even a user with little experience to be able to program robots. In addition, it has also tried
to improve the safety and mental comfort of the user when carrying out the programming task. For all
this, by following a chosen methodology, software has been developed. In this software the user can
interact with a virtual robot in a virtual environment, thus improving the safety of the user. Moreover,
taking advantage of VR technology, the user can program the robot in a very intuitive way, simplifying
the programming task. Once the virtual robot has been programmed, a program can be exported ready
to be imported into the real robot. This code contains the necessary instructions for the real robot to
perform the same path as the virtual one was doing.

7.1. Conclusion

As shown, a new VR robot programming software has been developed. Although it has room for
improvement, it allows the user to create a functional program using the different features
implemented. Furthermore, as tested, the generated program can be exported and used in the
physical robot. The current program has been developed for the HTC Vive glasses. However, it could
be used with different headsets. Even though the user will have to go through a tutorial before using
the software, it will require much less practice and training than the classic robot programming
software. Contrary to the availability of real industrial robots for practice, this software will have more
accessibility, being the only requirement for a set of VR glasses and controllers. This software could be
used as a training method for the workers or even in education institutions. With future work,
introducing a library with different robots and refining the actual project, this software could be really
useful in the industrial sector.

7.2. Future Work

There are several aspects of the project which could be improved with further work and resources.
The first of them would be the upgrade of the technology used to AR, making it more intuitive and
easier to visualize the current movements of the robot in the real robot cell.

The current state of the project only allows the user to program the robot UR10e. In the future, it is
desired to implement a library of a wide variety of robots used in the industry. This would increase the
scalability of the project and bring new possibilities. Such as programming different robots to work
together at the same time. Furthermore, the software functionalities could be extended by adding
different tools and interactable objects to the software, creating a completely new environment for
robot programming.

Setting aside the bug correction and upgrading the Steam VR library, the most important part of the
project is the code generated. It is wanted to implement a way to edit the code inside the application,
allowing the user to create loops and logic in the code. Also, to make a direct program exportation to
the physical robot.

Finally, it is desired to connect the software to the cloud, bringing the opportunity to online share the
different parameters between the physical and virtual robot. Furthermore, it would be able to control
the physical robot in real-time through the virtual simulation.
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