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Abstract

Nowadays, robots have become of high importance within the manufacturing industry, as well as
programming methods have evolved to adapt to the current necessities. Due to the great number of
complex concepts in Robotics, the learning curve of actual robotic software can be steep for
inexperienced programmers, and previous training is required. However, training that requires the use
of real robots is not always available for common users because of the difficult access to the machines.
In parallel, new and more powerful Mixed Reality (MR) devices have been developed, expanding the
possibilities of path planning. In this project, a MR application to support robot programming for
welding purposes is developed, where the targets are placed according to a work object and a welding
piece. Within this application, the user can interact with several menus and objects to program the
path, which can be configured and simulated in the virtual environment with reachability checking.
Paths can also be exported to the real robot, where they are conducted with accurate performance.
Considering the learning process, a guide can be activated to show recommended steps, and it is
possible to jog the virtual robot to comprehend robot motions. In addition, two experiments are
conducted to test the spatial mapping and marker detection capabilities. Finally, the benefits,
limitations, and flexibility of the application are discussed considering its impact on humans, while the
user experience is evaluated with a survey for further analysis. The resulting application allows the
user to generate, configure and export paths through the MR environment and test them in a real
robot.

Keywords: Mixed Reality, Robot Programming, Robot Studio, Multitasking, TCP/IP Connection, QR
codes, Sustainability, Industry 4.0
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1 Introduction

1.1 Background

Within the manufacturing industry, robots are machines of high importance in performing a wide
range of tasks that would be hazardous, repetitive, or difficult for humans, such as painting, assembly,
pick and place, or welding. Robots do not only allow humans to work in a safe and ergonomic
environment, but also, they can accomplish a certain job over and over again, returning to the same
initial point with an absolute error almost impossible to see for a human eye. Moreover, robots can
reach a desired point of the space with excellent accuracy, which influences the value of the ending
product, since human mistakes can be avoided during manufacturing. In particular, ABB robots can
keep a maintainable accuracy of 0.5 mm inside the working space (ABB Inc., 2005).

The way of taking advantage of the potential of the robots is by having correct programming. Once the
proper code has been written, tasks with high efficiency can be achieved. Robots can be programmed
generally with two main methods: online programming, such as using the teach pendant or the lead-
through method, and offline programming (Ong, Yew, Thanigaivel, & Nee, 2020). In online
programming, the operator uses the teach-pendant, a device that allows the user to record targets
and paths, move the robot with a joystick and save programs that lately can be imported. This method
requires the operator to work in the cell with the real robot, which is occupied during the programming
period. Thus, the robot is intermittently stopped from its manufacturing tasks, which may slow down
production. Even though online programming does not need high-skilled knowledge to be performed,
it can become cumbersome and time-consuming for complicated tasks. This is because targets must
be checked subjectively by the human eye and simulations must be executed carefully in order to
protect the robot, the equipment, and the operator. Online programming also comprises the lead-
through method, where the robot is moved manually by the user through the desired path. For
industrial robots, it is available as an additional device, while it is standard for collaborative robots.
However, when robots are too big, this approach is not feasible.

Conversely, the actual robot is not needed during offline programming. In this method, the robot is
programmed in a virtual environment with simulations of the movements of the robot, the workspace,
and collision avoidance. CAD files are imported to represent the real robot to the user, and the
kinematics are solved to run the animation in the virtual environment. However, the need for high-
skilled operators can become a disadvantage for small companies.

The limitations of traditional robot programming can be flattened with Mixed Reality (MR), which is a
way of merging real and virtual worlds to create new and enhanced experiences that can be accessed
through MR devices. As Microsoft states, “Mixed Reality is a blend of physical and digital worlds,
unlocking natural and intuitive 3D human, computer, and environmental interactions. This new reality
is based on advancements in computer vision, graphical processing, display technology, input systems,
and cloud computing.” (Wen, Tieto, Ferrone, Frazier, & Coulter, 2021). The use of MR can provide more
intuitive, natural, and immersive programming since the user can interact with the real world through
friendly menus and animations and move freely through the cell. For example, during welding
applications, MR can help to identify the welding paths for different pieces. For this reason, the



principal purpose of this project is to show the potential of MR for robot programming and, specifically,
how it can support operators during robot welding programming.

1.2 Problem Statement

The development and improvement of robot programming methods have experienced a boost in
recent years. Both online and offline programming have adopted new ways to accelerate the
programming time of the robot and to make the process more accessible for unprepared personnel.
Despite these improvements, programming can still be time-consuming, both for experienced and not
experienced operators. If the operator in charge to control the robot is inexperienced, a training period
must be conducted. Taking into account that Robotics is a huge field of study with a wide range of
safety factors implied, the learning process can be overwhelming for untrained personnel. In addition,
the equipment for the training period must also be considered. Any physical robot required for the
practices would either slow down the pace of production, since fewer robots are available, or entail a
major outlay for the company in new equipment. If the training period is done without a physical
station, but using computer simulators, then the operator lacks the experience of viewing the robot
working in the real space.

Furthermore, in the case of experienced robotic programmers, the process of getting the targets and
generating the paths can also be a laborious task, and even more when small 3D surfaces and edges
are involved during the movements, as in welding applications. If the programming is done online, it
could be difficult to program the robot in pieces with zones of difficult access. The use of new
technologies, such as MR, can mark a milestone in the generation of paths.

Thanks to MR, a complete guide can be displayed to beginners with no need for previous experience,
as in a game. Several menus and options can be shown to lead the user through friendly and secure
programming, offering interactions with targets and surfaces from the real world (Burghardt, et al.,
2020). At the same time, holographic simulations and 3D representations through MR glasses can
improve the final level of understanding of the learning process (Wen, Tieto, Ferrone, Frazier, &
Coulter, 2021). In addition, the implementation of MR in the industry is involved in the scope of
Industry 4.0 and could provide significant help in all aspects of automation, manufacturing, and
management of a production line (Liagkou, Salmas, & Stylios, 2019).

1.3 Aims and Objectives

The project pursues the use of MR to develop an application to support programming the robot path
for welding processes. The operator should be able to indicate what points or lines should be welded
on the workpiece and appropriate robot code should be generated to execute the welding, with the
possibility of exporting it to the real robot.

The main objectives are the following:

e Analysis of the current state of available MR software and its benefits in robot programming
in the industry.

e Development of a program to generate paths for welding applications by using MR, to facilitate
the process of programming the robot’s targets.



e Design a user interface that can provide the worker with an intuitive and easy guide to
generate the paths for the robot.
e Export the final program created by the user to the real robot.

These aims have motivated the development of this project as it could expand the actual robot
programming capabilities. As new technologies evolve, new methods should be updated to ease the
whole process. This project intends to explore existing and new boundaries in the MR field and test if
MR can become a new way of programming.

There are important companies that follow the same philosophy and have found interest in this
project. Skandia Elevator® is the industry leader in conveying grain in Sweden, with sustainable and
user-friendly solutions. They have already implemented a cell with collaborative robots for welding
and they are interested in exploring how the programming of the robot could be improved or made
easier. ABB?, one of the major global technology companies nowadays, has also shown concern in this
study as it is interested in finding ways to program its robots in a more intuitive way, where not much
experience is needed.

1.4 Extent and Delimitation

The aim of this project is the development of a software application for the MR glasses Microsoft
HoloLens2 ™ (hereafter just referred to as HoloLens2) developed by Microsoft. The program must be
created with a powerful enough computer that can handle the software tools (Unity, VisualStudio,
RobotStudio, etc). As the purpose is to program a path for a robot application along a piece to be
welded, Skandia Elevator has supplied two metal pieces to use as references (Figure 1). These will have
virtual models on the application to set targets along them and later can be compared to the real ones
to test the accuracy of the application.

Figure 1. Welding pieces: a. Piece 1 (left) and b. Piece 2 (right) provided by Skandia Elevator.

Once the path is created it will be sent to the robot controller, a virtual one in RobotStudio, with the
possibility to connect to the real one. The collaborative robot ABB GoFa CRB 15000 (Figure 2) will be
used to carry out the project. The physical robot will be provided by ASSAR Industrial Innovation
Arenad.

! https://skandiaelevator.com/
2 https://global.abb/group/en
3 https://assarinnovation.se/
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Figure 2. ABB GoFa CRB 15000 in ASSAR.

The interface of this project can be used only by HoloLens2, and it will be programmed to work with
any number of welding pieces. However, the path will only be sent to one robot controller, although
the code could be more flexible. To communicate with different robots appropriately, another tool
should be learned and implemented, Robot Operating System (ROS). For the extent of this project, this
study is limited to only the use of ABB robots, but it is open to being continued in future work.

There are different ways to communicate the virtual environment with the real one with two major
differences: doing it physically or virtually. It is important to be able to align the models with the object,
it has been done with QR code markers (physically), but it could be achieved through object recognition
analysis (virtually). The second option has higher complexity and will not be implemented on this
project in the first instance.

Other materials and pieces needed for the development of this project can be modelled and 3D
printed, as has been done with the robot tool (Figure 3).

Figure 3. Robot tool.

The program will be developed to be tested by volunteers in ASSAR, however, it could be checked by
investigators from Skandia Elevator and ABB.



1.5 Sustainability

The definition of sustainable development was introduced in 1987 in the Brundtland Report Our
Common Future (WCED), where it was defined as the goal of meeting the current needs while taking
into consideration the needs of the next generations. Since then, every year more international
companies seek sustainable objectives and methods to solve problems. The focus on development is
not only to improve the flow of production, but is also on connecting the social, economic, and
environmental goals. Over the past few decades, the attention has been focused on sustainability
problems, such as resource management, waste reduction, pollution, its impact on humans’ health,
the working conditions, etc. For this reason, every new solution needs to succeed in passing through
rigorous laws that safeguard sustainability. In other words, sustainable development strives to protect
the welfare of the workers and the ecosystem, but also the health of the company so that it can
continue competing in the market. To help the economy to develop, equality in society and
environmental protection need to be achieved (Abdel-Mohsen O. Mohamed, 2021).

As a component of sustainable development, social sustainability aims to reach the well-being of
humans, ensuring them a good lifestyle, without ignoring human safety in favour of economic growth.
In this aspect, MR can help to introduce any kind of training environment to new workers, providing
them with new resources to learn. Moreover, this new way of learning can be adapted to meet the
necessities of all workers. Even during a pandemic situation, the MR glasses can be used to teach
students by distance courses, allowing them to collaborate with their colleagues from home (Liagkou,
Salmas, & Stylios, 2019). This upgrade in engineering education is in favour of the fourth Sustainable
Development Goal - Quality Education - and the ninth - Industry, Innovation, and Infrastructure (Sabev,
2019). In addition, the use of MR for educative purposes can also help to raise the satisfaction and
comfort of employees because of two reasons. The first one relates to the predisposition to learn since
during MR training lessons, the user replicates physically the movements that will be executed in the
real task, which can help to create a better understanding of the concepts and a closer approach to
the final job. Secondly, since movements are held within virtual environments, no real robots are
needed, so dangerous situations can be avoided. In general, positive pedagogical and cognitive
benefits have been seen in the education of engineers when using MR, thus, this technology can help
to support social sustainability (Soliman, Pesyridis, Dalaymani-Zad, Gronfula, & Kourmpetis, 2021).

Concurrently, economic sustainability has got the objective of using the available resources without
compromising the future capability of the company to keep producing. The available resources in the
industry for robot programming are generally robot cells, teach pendants, and computers to run the
simulations. This material is relatively costly in comparison with MR glasses. Even though the
incorporation of MR technology can be expensive, which is a factor to consider and requires an
evaluation of the benefits, it would definitely be more affordable than acquiring a new robot (Liagkou,
Salmas, & Stylios, 2019). It reduces infrastructure and costs because laboratories or physical robot cells
can be replaced by the virtual environment. Furthermore, the processing power of MR devices has
increased during the previous years, while its price has decreased. Therefore, the continuous
development of this technology and its attraction as an alternative way of programming, raise a market
interest beyond the gamer sector (Soliman, Pesyridis, Dalaymani-Zad, Gronfula, & Kourmpetis, 2021).



1.6 Overview of the thesis

The purpose of this thesis has been explained in the introduction, followed by the Theoretical Frame
of Reference (Chapter 2). That chapter covers the concepts and tools necessary for the project whereas
Chapter 3, Literature Review, analyses in-depth previous work related to this thesis. The following one,
Methodology, states the method to adopt to pursue the goals. In Chapter 5, it is described the
implementation of the previously explained method and the results are collected and analysed in
Chapter 6. Afterward, they are discussed and compared to the original aims and objectives, describing,
as well, the problems encountered in the process, along with Chapter 7. Conclusions are stated in
Chapter 8 followed by the possible Future Work of the project (Chapter 9).



2 Theoretical Frame of Reference

2.1 Mixed Reality

The journey to develop an application for MR begins with inquiring into its meaning and differences
from other similar technologies, such as Virtual Reality (VR) and Augmented Reality (AR). Nowadays
there are three terms to define experiences where the user interacts with virtual objects beyond the
screen of a computer. Depending on the level of immersion, the experience can be appointed as AR,
VR, or MR. Firstly, AR enhances the real world by placing holograms that can be seen through a physical
device, such as the screen of the phone. Consequently, this physical device is needed to interact with
the holograms, which means that holograms cannot be touched with the user’s hands. On the other
hand, VR is a completely immersive experience inside a digital environment, where obstacles from the
physical world are not visible. These obstacles are represented digitally instead. In VR, the user can
interact in the position of the space where objects are generated, however, this space is virtual. VR
allows the user to touch holograms, but it is not possible to see the real world.

In the middle of the spectrum of the physical and virtual world, was born the MR (Figure 4), a concept
defined for the first time in “A Taxonomy of mixed reality Visual Displays” (Milgram & Kishino, 1994).
This paper establishes MR as an experience that can completely merge real with virtual environments,
allowing the interaction with objects from both worlds at the same time. This union overcomes the
drawbacks of AR and VR, because the user can see the real world and the virtual objects, but with the
possibility of interacting with them in the place where graphics are generated. With MR, it is possible
to touch holograms and see the real world at the same time, changing seamlessly from interacting with
holograms to interacting with physical objects.

PHYSICAL WORLD DIGITAL WORLD

AUGMENTED REALITY VIRTUAL REALITY

MIXED REALITY SPECTRUM

Figure 4. The spectrum of mixed reality (Wen, Tieto, Ferrone, Frazier, & Coulter, 2021).

Since then, thanks to the advancements in graphical processing and computer vision, the relationship
between humans and computers in MR has experienced a noteworthy improvement. Nowadays, MR
glasses generally support advanced input methods from the user, such as eye-tracking, speech
commands, or head-tracking to know the position of a person’s body. MR also manages inputs from
the physical world, which are used to locate the user and detect surfaces and edges. The detected
boundaries of the real world are used to place the virtual information and anchor it to a certain position
in the space so that the user is not only capable of visualizing it as in AR, but it is also possible to interact
with virtual and physical objects at the same time (Figure 5). The movements of the person walking
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through the physical world are mapped and processed digitally so that the virtual objects keep
anchored (Wen, Tieto, Ferrone, Frazier, & Coulter, 2021). This way, in MR the real world is enhanced
with interactable virtual objects.

-

‘@

B B \
i / Yo
Figure 5. Mixed reality app example (Tieto & Winj, 2022)

2.1.1 HoloLens2

The glasses that will be used to dive into the world of MR during this thesis are the Microsoft HoloLens2
(Figure 6). This powerful, fully wireless glasses were born from the first generation of HoloLens, to
refine holographic processing and to provide a better immersive experience. They run on Windows
Holographic OS, an operating system that manages the users and administrators of the glasses and
provides a secure platform to developers. Furthermore, it is a stand-alone device, because it does not
need a connection to an external computer for the execution of an application (Cooley, et al., 2021).

The main components of the HoloLens 2 are the visor, which also contains the sensors, the headband,
to adjust the glasses to the head, and power, brightness, and volume buttons. Additionally, a
microphone array is included to allow audio inputs. Inside the visor, it is possible to find complete
equipment of sensors:

e 4 visible-light cameras for head tracking.
e 2 IR cameras for eye tracking

e 1 Time-of-Flight depth sensor

e 1 Inertial Measurement Unit (IMU)

e 1 Camera 1080p

Using the previous sensors, the glasses can track the position of the user in the real world with 6DoF
and create a mesh of the environment in real-time. In fact, HoloLens 2 does not need an external
tracking system such as cameras to detect the position of the virtual objects (Hanson, et al., 2021).
Besides the spatial understanding, HoloLens 2 are capable of:

e Anchoring holograms to be exactly in place thanks to the mapping of the workspace (world-
anchoring).
e Detecting two hands and their manipulation, such as touch, grasp, and moving of holograms
(hand-tracking).
8



e Detecting movements in the gaze and adapting holograms to the eyes (eye-tracking).
e Implementing audio inputs to control the device.
e QR code reading, a feature that was not available in the first generation of HoloLens.

Figure 6. HoloLens 2.

2.2 Structural elements in Mixed Reality

2.2.1 Spatial coordinate systems

Every MR application uses Cartesian coordinate systems to calculate the position and orientation of
the objects. These systems use meters as measurement units and establish 3 perpendicular axes: X, Y,
and Z-axis. As a result, two objects separated 1 meter in any of the axes, will also be 1 meter from each
other in the real-world display. In HoloLens 2, Windows creates virtual coordinate systems that apply
to the physical world as spatial coordinate systems, which allow rendering virtual objects at a real-
world scale.

There are different frames of reference depending on the purpose of the application. Stationary
frames are used to establish a world origin, attached frames connect a coordinate system to a movable
object, while stage frames allow users to determine a floor position to center the spatial coordinate
system, where the content of the experience will occur. Stage frames of reference are only stable
under a range of 5 meters. For wider workspaces, other types of frames of reference are needed, called
spatial anchors.

Spatial anchors are points in the world with their own coordinate system, that are stored over time
and that do not drift when the user walks relatively long distances. These points provide a better
adjustment of the coordinate system than stationary frames of reference when the range is above 5
metres, because the anchor is continuously receiving small adjustments based on other anchors or
frames. In addition, cloud service Azure Spatial Anchors can be used to allow multiple devices to
observe the same anchored hologram (Turner, Arya, Tieto, & Coulter, 2022).



2.2.2 Spatial mapping and scene understanding

The creation of spatial coordinate systems and spatial anchors would not be possible without the
tracking of the volumes and surfaces in the world. For this reason, HoloLens 2 implement the necessary
runtimes to create a mesh of the environment and understand the scene around the user, which is
known as spatial mapping and scene understanding.

Spatial mapping (Figure 7) is used to create a detailed mesh of the real surfaces so that it is possible to
fix and anchor holograms on top of objects. This way, the MR experience can be more convincing, since
holograms colliding with real items or floating in the air are avoided. The mesh is composed of triangles
defined by three vertex indices whose coordinates are stored in a buffer. These indices identify the
triangle as if it were built in a clockwise direction, viewed from the part of the surface that is visible by
the cameras. Every point is used by the HoloLens2 to understand not only the shape of the objects but
also the distance from the user, so more indices of triangles in the buffer mean more points from the
real world being tracked. Therefore, the level of detail of the spatial mapping is controlled by the
number of triangles per cubic meter. It is important to notice that increasing the triangle density can
have costs on the GPU because rendering the meshes consume meaningful storage and computational
resources. Memory usage can be diminished by determining which zones of the field of interest of the
glasses are important to track and discard those that are not valuable for the experience of the user.
In addition, because of the triangular mesh, the surface can appear coarse in comparison to 3D
surfaces designed by humans, which can affect the render of an object and disrupt a smooth
appearance. On the other hand, scene understanding runtime inherits the spatial mapping’s
capabilities to track the environment and includes Artificial Intelligence (Al) to detect types of objects,
such as walls, the floor, or platforms (Zeller, et al., 2022). Figure 7 (left) shows a mesh of triangles from
a spatial mapping of a sofa, while Figure 7 (right) contains a 3D model of the workspace at ASSAR. This
3D model was obtained after a spatial mapping scanning with the HoloLens, which was conducted by
walking around the room.

Figure 7. Example of triangles created in the spatial mapping mesh (Zeller, et al., 2022) (left) and spatial mapping mesh of
the working area.

Furthermore, the performance of the spatial mapping’s tracking ability can be affected by several
environmental considerations, making the holograms appear in undesired places or corrupting the
information about the shapes and location of the real objects. Taking into account that the HoloLens2
will be used indoors, the main factors that should be considered in the development of this project
have been registered below (Brown, et al., 2021).
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e Lighting: since visual light is used to track the location of the user with the cameras, if the light
is too bright that is uncomfortable to look at for a human, or if the environment is too dark
that is not possible to see well, then the tracking information can be mistaken. A similar
situation occurs when there are points with high contrast, like the light of the sun through a
window in a dark room, which can confuse the cameras. Additionally, the type of lighting also
affects the performance of the glasses. The HoloLens2’s cameras are configured to operate at
the USA electricity frequency, 60 Hz. Thus, in countries where the frequency standard is 50 Hz,
the cameras will perceive pulses. In fact, it has been reported that fluorescent lighting in
Europe can cause issues.

e Items in the space: adding more unique features to a space can help to improve the tracking
system since the glasses will have more information and details to locate the user and
holograms in the space. However, scanning the objects from a distance below 15 cm will cause
the contrary effect, because the cameras will experience issues while focusing.

o Reflective surfaces: the tracking is affected by reflective surfaces because their appearance
changes depending on the angle. Different external objects are shown in the reflective surface
and for the glasses, it is registered as a change in the environment. For this reason, less shiny
objects are preferable.

2.3 Unity, C# and Visual Studio

Nowadays, Microsoft suggests several technologies to develop MR experiences: Unity, Unreal,
JavaScript, or developing a custom engine. Since the authors are not native developers with experience
in the writing of 3D renders, the option of creating a custom engine was rejected. Moreover, eye-input
is not supported in JavaScript, as neither is a toolkit for MR development, the Mixed Reality Toolkit,
which will be explained later. The choice is then focused between Unity and Unreal engines.

Unity completely supports all MR features, tools, and cloud services provided by Microsoft, while
Unreal lacks several Azure cloud services and world locking tools (Wen, Chmccl, & Ferrone, Choosing
your engine, 2022). Another feature that is only available for Unity is the Mixed Reality Feature Tool
(MRFT), a searcher of add-ons to set up the project in Unity for a MR application and that can help to
facilitate the management of packages (Kline, Park, Ferrone, & Coulter, 2021).

In opposition to Unreal’s scripts in C++, Unity’s scripts are developed in C#, an Object-Oriented
Programming language. It was designed by Microsoft to generate a variety of applications over the
.NET Framework (Al-Bastami & Abu Naser, 2017), which is a helpful, open-source platform with a
collection of class libraries to develop applications faster. For the previous reasons, Unity was selected
to be used in the thesis work. Microsoft recommends using the Unity version 2020.3 LTS, along with
the Mixed Reality OpenXR plugin. The OpenXR plugin is an XR configuration to simplify the
development of AR/VR. It includes several repositories to manage the control of the inputs and targets
a wide variety of controllers that can be used within Unity (Wen, Chmccl, Tieto, Ferrone, & Coulter,
2022).

Finally, the IDE chosen to write the code, debug and test was Visual Studio, because it can assist while
writing C# and possesses a rich assortment of extensions for .NET and Unity (Microsoft, 2020).
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2.4 MRTK

The designing and development of an AR/VR application involve creating buttons and menus,
specifying the physics of the objects, programming the interaction between the hands, and the virtual
world, and many other implementations, a process that started from scratch can be time-consuming
(Valorem Immersive Experiences Team, 2021). The Mixed Reality Toolkit (MRTK) can be added to Unity
projects to prevent this consumption of time.

MRTK is an open-source cross-platform building block for MR experiences. It includes an object
manipulator to move, scale, and rotate an object, bound Ul to control objects, pressable buttons Ul,
hand-attached Ul for quick actions, tooltips to make annotations over the virtual objects, a collection
of meshes to represent the geometry of the environment, solvers for the objects’ behaviour, shaders,
sliders, object collections, and other features. Additionally, MRTK provides a configurator to quickly
set up a MR project, as well as a stock of sounds and touching feedback for the buttons and menus
(Semple, et al., 2021). It is also significant to mention that projects in HoloLens are built-in Universal
Windows Platform, which constrains the use of third-party libraries (Ostanin & Klimchik, Interactive
Robot Programing Using Mixed Reality, 2018).

2.5 Collaborative Robots

According to Sherwani, Asad, and Ibrahim (2020), collaborative robots, also known as co-bots, are
designed to be able to work alongside humans. The main differences between industrial robots and
cobots are that they are lighter, more movable, and more flexible. Their programming is usually more
intuitive than regular robots, offering a friendlier interface allowing non-experts to program
applications. Thus, for the human-robot collaboration to occur, there are strict safety guidelines and
standards that the co-bot must meet to ensure the safety of the workers, the equipment, and itself.
Furthermore, the complexity of the system grows along with the level of automation of the task and
must undergo specific safety requirements depending on its application (Keller, Hausmann, Kressner,
& Koenig, 2016).

Currently, collaborative robots are implemented in several areas, such as medicine, welding, painting,
etc, and are key to Industry 4.0 for their many characteristics. They are industrial reprogrammable and
multi-purpose manipulators with a larger number of sensors that increase their versatility. This makes
them smarter than regular industrial robots while being productive and efficient in performing tasks,
allowing connectivity to Internet of Things (loT) (Galin & Meshcheryakov, 2019).

2.6 Robot Studio

To program an ABB robot by online programming, a device called Flex Controller (commonly known as
Teach Pendant) is used as an interface for the robot controller. On the contrary, programming is offline
when a connection to the physical robot is not needed because a virtual robot is used instead. ABB
robots can be virtually programmed in Robot Studio, where the control module is simulated with a
Virtual Controller, giving offline robots the same behaviour as online robots (ABB Inc, 2010). The
methodology developed in this thesis is offline programming since the code shall be generated through
Robot Studio once the operator has delimited the path in the MR application.
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Robot Studio is an ABB’s offline programming software that allows running simulations, programming,
and optimization. Since it incorporates an exact copy of the real software running in the robots, the
Virtual Controller, the programming can be done without stopping the production. The language
programming used in Robot Studio is RAPID. The code is generated as if it were for the real robot since
it is built into the Virtual Controller and then loaded to the virtual robot to run the simulation. In
addition, it is possible to connect Robot Studio to a real controller and test and load the programs in
the real robot.

When programming in Robot Studio, targets and paths are used to create the motion. Targets are
coordinates through which the robot will go through and are used to generate paths in the RAPID
programs. A path is an aggregate of targets that integrate the properties of each robot movement.
Three main parameters can be modified to configure each target (passing point) according to the ABB
documentation:

- Type of movement: How the robot will move. In the project will be used MoveJ (Move Joint),

to move quickly from one point to another when that movement does not have to be in a
straight line; Movel (Move Linear), to move the tool center point (TCP) linearly to a given
destination; and MoveC (Move Circular), to move the TCP where the orientation normally
remains unchanged relative to the circle.

- Speed value: to specify the velocity at which both the robot and the external axes move on
each target.

- Zone value: to specify how a position is to be terminated, i.e. how close to the programmed
position the axes must be before moving towards the next position.

In Robot Studio, the position and orientation of the targets are of great importance, as well as the
workobject coordinate in which they are defined. Every workobject contains a coordinate system to
define the robot movements in that space (ABB Inc, 2010).

Another feature supported in Robot Studio is the exchange of information between an external
application and the Virtual Controller. This can be done in several ways, such as a TCP/IP socket
connection or using Robot Web Services (RWS), which allows to take the control of ABB robots through
HTTP client-server protocol.
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3 Literature Review

Current State of AR/ MR in Robotics

Within the field of robotics, the use of AR technology has been increasing triggered by the Industry
4.0. Human-Robot Interaction (HRI) becomes very important where AR can enhance the way workers
interact with the robot and the system, easing the educational curve to a more instinctual
communication. Robots become more perceptive, being able to work alongside humans, without the
need for an isolated area. To achieve this, they include a wide variety of sensors, vision systems, and
an advanced control system (Kamarul Bahrin, Othman, Nor Azli, & Talib, 2016). As Gadre et al.’s (2019)
study has proven, the use of MR in an application for programming a robotic arm resulted in a lower
cognitive workload while getting faster outcomes in a new and complex scenario, compared to a 2D
interface. MR Head Mounted Devices (HMD), such as HoloLens, have allowed users to work with the
virtual model while visualizing the workspace. This technology has offered a more natural and usable
way of programming with minor hazard risks.

3.1 System Components

The architecture Guhl, Tung and Kruger (2017) have designed to accomplish the loT philosophy consists
of an interaction layer, such as HoloLens with its Ul, connected to the robot layer through a middle
device to allow communication (known from now on as Broker) (Figure 8). The server constantly
receives, analyses, and sends data to the robot controller (virtual or physical) and, accordingly, to the
interactable device. In their study, they were challenged to find a generalized robot description for the
Broker to understand. The robot layer was composed of three different robots, both collaborative and
industrial, each one with its own protocol, interface, and characteristics. The Broker, after knowing the
properties of each robot (dimensions, forces, etc) focused on transmitting the axes’ angles from and
to the robot to represent its state. To do so, they have implemented Protocol Buffers on top of TCP/IP
connection, since it is supported on the majority of mobile devices.

Interaction Layer Broker Robot Layer
CIL RN
L ~ ’\. \

-~ \\"\Q
> V4
AR

Figure 8. Communication architecture (Guhl, Tung, & Kruger, 2017)

Nowadays, there are many models and software compatible with MR. This thesis focuses on the
Microsoft HoloLens device as an Interaction layer, but it can connect to multiple types of robots
through different Brokers.

In Hormaza et al.’s (2019) study, a robotic virtual environment was created in A-Frame. It is an open
code web framework for 3D and WebVR experience, where a server is generated to allow
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communication between the VR device and the robot. The application has served as a training scenario
for users with a lack of experience in robotics and has proven to be simpler and more intuitive.

In a similar study done by Husar & Knapcikova (2021), they have taken advantage of the RobotStudio
feature RobotStudio Holographic, to create a holographic station exported to HoloLens2. The
methodology they have followed begins with creating and setting up the robot station in RobotStudio
to then connect to the virtual environment. In it, the 3D model can be manipulated as if it was the real
robot and has access to the paths previously created. Afterward, the simulation has been tested both
online and offline; being correct and simultaneous when offline and correct with a small delay while
online. Although through this application the virtual cell can be controlled, programming is limited to
the FlexPendant or RobotStudio and not through the MR environment.

On the other hand, Stone et al.’s (2020) study has used RobotStudio, for their ABB robot, connected
to Robot Web Services (RWS) and linked to Unity for the HoloLens. Through the app, the user can
enable a virtual model of the robot to place on the simulation, along with the workobjects and targets
created. Furthermore, their work demonstrated that is theoretically possible to control the real robot
remotely through the RWS, with the possibility of editing and updating its RAPID code within the app,
even though it was not implemented. Regarding the control of the virtual robot, the performance time
had turned to be slow as the protocol used, HTTP web requests, relies on time for the update of the
information. Stone et al.’s (2020) have also found tedious the manual process of finding and connecting
the LAN IP, especially for non-expert users.

Moreover, Ostanin et al. (2020) have extended the use of MR to create a robotic virtual environment
based on HoloLens. It is suited to represent and program two different robots, UR10e and a KUKA IIWA
14 within the application. Following Guhl et al.’s (2017) architecture, they have used HoloLens as the
interactable layer, using Unity3D game engine combined with MRTK. The robot layer contained both
robots, with their respective communication protocol, connected through API to Robot Operating
System (ROS) connection. ROS Kinetic acts as the Broker and executes the main computation tasks. It
has the data about each robot controller, which offers the configuration of the robot and receives the
trajectory planner with point-to-point (PTP) motion.

3.2 Robot programming in AR/ MR

There are several studies related to robot programming using VR. For instance, Blankemeyer (2018)
has developed an application for HoloLens for intuitive programming. The authors have tested their
work on an assembly operation. With the help of markers, to detect the different real components,
the virtual environment can simulate the real task. Markers offer more exact and reliable tracking
results and ease the coordinate system transformation. However, it is to be tested if object recognition
or another tracking software would provide higher accuracy for a robotic application. In another case
study, by Hebenstreit (2020) the object detection of HoloLens had not been as reliable as expected
and necessary for the assembly operation. As a result, the authors have included a marker, QR Code,
to ensure the spatial allocation of the holograms without deviation.

In Ostanin et al.’s (2020) application, path planning is specified in the MR experience by creating the
targets of the geometric path. Each target has the six DoF of the end effector, where the user specifies
the position and orientation around the normal of the workobject. As in offline programming, the path
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properties and other actions of those control points are determined; this application includes PTP, line
and arc, and other actions such as opening and closing of the tool. ROS receives that data and, using
Unified Robot Description Format (URDF), plans the trajectory with the proper accelerations and
velocities, considering joint limits, collisions, and singularities. In case the trajectory is feasible, it will
be shown in the MR simulation, where it can be modified if necessary.

In addition to those features, the authors, based on a previous study from Quintero et al. (2018), have
tested their application for contact operations, such as welding. The system has allowed them to set
targets on a plane surface, simulating it on a writing test for the robot. In said study, Quintero et al.
(2018) designed an AR application to program a robotic arm with free space trajectories and surface
trajectories. With the first option, the user selects the “pick” point and the “place” point, and an
automatic path is generated, that can be dynamically modified by the user. For the second option, the
user can select the targets on a 3D model of the surface or on the real surface through spatial mapping.
The orientation of those targets is calculated using geometric information automatically but could also
be controlled manually. Both applications can be simulated, played, stopped, and modified in the
virtual environment but also on the real robot.

3.3 Point Cloud analysis

In an earlier study, Wassermann et al (2018) designed a cloud-based robot controller for AR. As of the
lack of technology, they have used external vision systems to form a pointed cloud of the workspace.
HoloLens2 device has that technology implemented already but the foundation can be extrapolated
to this application. This study aims to be able to identify and filter the objects on a table and later apply
them to AR. That way, collision detection for a robot can be implemented in the virtual environment.

The process for image processing is as follows: the point cloud is first filtered, and the excess
information is removed. Then the surface of the table is detected, clustering all the remaining objects
on it. They are later bound into a JSON string and communicated to the AR application. This only works
for fixed objects, but they can be detected automatically in the simulation and stop the program in
case of collision before the execution.

Furthermore, Ostanin et al. (2018) have added more features to their application that could be
profitable. By analysing the point cloud of the MR scene, an Iterative Closest Point (ICP) algorithm they
have developed detects the position of the real robot with great accuracy (error of 9mm in position
and 3.1 degrees in orientation). They have also implemented an automatic obstacle avoidance path
for trajectory planning. Two techniques have been studied with promising results; Rapidly exploring
Random Tree (RRT) checks collisions continuously while voxel representation finds an unoccupied
path, with the advantage of being independent of the robot model.

3.4 IRB project

The previous work by Tommy Y. Svensson (Svensson) consisted of a project with a virtual replica of an
IRB ABB robot that could mimic movements in Robot Studio (Figure 9). QR markers were used to
calibrate the workobject as well as to program the different targets. The tool could be seen and rotated
around a target to update its position and the connection with the virtual controller was done by using
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Robot Studio libraries inside Unity. This project demonstrated that it is possible to program a path by
using QR codes inside a MR application and communicate them to the virtual robot.

Model Name
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Figure 9. Examples of the IRB project, the virtual robot (left) and two menus of the user interface (right) (Svensson).

17



4 Methodology

Research encompasses gathering information, creating new theories, algorithms, or devices, and
expanding the boundaries of knowledge. Good research has got specified goals and it is organized,
although its approach can be different depending on the type of project (Goddard & Melville, 1996).
The importance of good research relies upon the knowledge and background acquired during the
literature research, which can give guidance about other methods that have already been tested
(Cohen, 2009). However, finding a suitable research methodology based on the subject of study is not
trivial, since several research approaches are currently accepted by the scholarly community.

Considering the design-oriented nature of the project in this thesis, the Systems Development
Research Methodology (SDRM) was chosen. There are other approaches, such as Design Science
Research Methodology (DSRM), but the SDRM methodology allows one to go back to a previous step
at any point and prioritize the investigation of new functionalities. SDRM was defined for the first time
by Nunamaker, Chen and Purdin (1990) and consists of five research steps, explained below (Venable,
Pries-Heje, & Baskerville, 2017). These steps are also shown in Figure 10.

What is it
1 — State the research - necessary to

estions . :
quest! investigate about?
Study the software
2 = Cﬁz;i:ac:cthhe —>| and the control of
the glasses

Choose methods and
engines.

Learn about the use of
Unity and Visual
Studio. Focus on the
stated requirements.

Study the detection of
features of 3D objects
(surfaces, edges) in
Unity 3D.

Create objects
based on detected
features (points,
lines) and the Ul

Convert coordinates
to robot space and
check reachability

Test the program
in the virtual
controller

Do they behave
correctly?

Is reachable by
the robot?

Evaluate the
application

Interact with
detected features

Generate robot
program

Figure 10. Flowchart of the five steps of the SDRM.

Generate a list of
targets/paths to

18



Construct a Conceptual Framework.

In this step, the first research questions are stated and the required functionalities and
processes to build the system are investigated. The research question that the authors aim to
answer at the end of the work is: how it is possible to use MR to develop an application to
support the programming for welding processes. In addition, the research question was also
focused on the recognition of boundaries and edges to automatically detect welding paths and
if it was feasible only using MR glasses. Before any previous research, a list of necessary
functionalities was defined as a guide during the research step. It contained concepts such as
“Unity”, “Visual Studio”, “Robot Studio”, “Mixed Reality”, etc.

Develop a System Architecture.

Secondly, the interrelationships between all the functionalities are defined. In this thesis, the
relations between Visual Studio, Unity, and the HoloLens 2, and the system architecture are
developed. To understand how all the functionalities are related to each other, an analysis of
the current state and background research was conducted, in particular, quantitative research.
The work was split into two main parts. The investigation of the main concepts and available
software was the first step. Thanks to this part, it was possible to understand how programs
like Unity or Visual Studio worked internally to some extent, but also it helped to have a clear
understanding of the purposes and benefits of MR in society. The reason for doing this
research before the literature review was to gain some knowledge to better understand the
process of building the systems within other cases of study.

Once the software possibilities had been studied, the literature review was helpful to learn
about the current state of MR projects and what had been done so far. It was found that there
have been signs of progress in the programming of robots by points and in their representation
in a virtual environment, but not in programming using edge detection and spatial mapping.

Analyse and Design the System.

In this step, the processes that will be carried out, for example in Visual Studio and Unity, are
chosen between several possible solutions. Thanks to the knowledge acquired during the
research, Visual Studio, Unity 3D, along with its MRTK package, and Robot Studio were
selected to build the application. In addition, the requirements for the development were
defined. In other words, in this step, all the necessary features in MR and for the robot
programming were registered to create a building guide, and to establish a starting point for
the learning path. Those features were surface, and edge detection, creation of coordinate
systems, design and implementation of holograms, design of Ul, creation of paths, deployment
in the HoloLens2, transformation of coordinates, client-server connection with Robot Studio,
and programming in Robot Studio.

The work in this step of the methodology was complemented by the official MRTK tutorials
and documentation, as well as the documentation of the Unity’s scripting API, in order to verify
that the designed system could be built and how it could be done.
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Build the Prototype System.

In this step, the real complexity of the system is studied since it covers the process of building
the application. First, a work register was created to update any changes, improvements, or
debugging in the project. The work register also contained a list of extra features separated
from the main objectives and ordered by importance, so that those extra features were not
implemented until the main objectives had been accomplished.

The building process started by creating little projects with different features to test them
separately, such as the spatial mapping, the communication with the robot, or the user
interface. This methodology helped during the debugging of single objectives of the project
and speeded up the pace of work. In addition, thanks to these separated experiments, it was
possible to discover the features that should be changed because they were not suitable or
did not work as expected.

Once all features worked properly, all projects were merged into a single project containing all
the main objectives. When the basic application started to work, the focus was changed to
enhance the experience of the user, debug all possible interactions, and add extra features.
Most of the work could be done testing in the virtual environment of Unity, without the need
for the real glasses. However, when the main objectives had been reached, the HoloLens2 was
preferred, because this way the user experience could be tested better than in the Unity’s
game view. Additionally, during this step, all physical objects were created by 3D printing, such
as the QR codes and the physical tool for the robot.

Observe and Evaluate the System.

Finally, the system is observed and evaluated, which can lead to the development of new
models. The robot program was tested in the virtual and in the real robot controller to assess
if it worked correctly and if the purpose was achieved. Moreover, it was also tested among
several volunteers, who were asked to fulfil a survey about the ease of use of the application.
A presentation using the HoloLens2, and the real robot was also conducted to investigators
from Skandia Elevators and ABB. These tests with volunteers facilitated the evaluation of the
system from a point of view closer to the real user experience.

20



5 Implementation

After the research step has been conducted (steps 1 through 3 of the methodology), the application is
developed. Three main software tools have been used, as described below (Figure 11).

Softwares

——

Microsoft HoloLens2

Mixed Reality

Visual Studio

Application TCP/IP

Communication
oot Robot Studio

Programming

Figure 11. Flowchart of the software used for the application.
5.1 Unity

Some of the features of the game objects have been implemented in the MRTK and can be added as
components and configured from the Inspector tab in Unity, as the intractability or manipulability of
the objects. However, the properties and characteristics of the robot programming (targets, welding
pieces, selection menus...) were created among different scripts to personalize the application. This
also includes implementing an original communication protocol for the exchange of data and
modifying a Microsoft library for a Snapping feature. More information about the own functionalities
and scripts can be found in Appendix 4.

5.1.1 User interface

The game engine Unity is the core of this project as it contains the complete application. It has been
developed to include a virtual model of the robot connected to Robot Studio, the welding pieces, the
targets, and the Ul components. There are three main menus: Main, Robot, and Target, accessed by
the easy-access Hand Menu (Figure 12). It contains a shortcut to those menus by facing up any of the
hand’s palms.

all

R

Robot Menu

Figure 12. Hand Menu.
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From the Main Menu (Figure 13, (left)) the application can be initialized. The first button, QR Code
Search allows to scan the surroundings and place the coordinate system of the robot station, the
workobject, and the welding piece on the QR. Select Welding Piece button lets the user choose the
piece to weld and Welding Piece Home places the selected piece on the Home Position previously
saved from the Piece Menu (see 5.1.3 Weld Pieces for more information). Debug Info button shows
and hides the debug log screen to allow the user to see the state of the connexion and other messages
(Figure 27, (right)) whereas Help button shows a tutorial of the whole application (Figure 13, (right)).

4 \\
MAIN MENU N RecommendedSes

\smwn v W%
\[ c7ep 1: Open the menus

\ | - Face up your ha\:"
- You have a short r
- Open the Main Menu by pressin

Figure 13. Main Menu (left). Help menu (right).
5.1.2 QR codes reader

To align the real station and the welding pieces with the virtual ones, three QR codes are placed and
read by the HoloLens2 to get their position and orientation in the space (Figure 14). One QR code is
used to place the station, while another code is placed over the workobject, so that it can be detected
independently from the robot. A third marker is positioned next to the welding piece so that once the
code has been read, the virtual piece appears with an offset respect to the marker, and it is aligned
with the real piece. To ensure that the QR for the welding piece is always placed correctly, a guide
piece was designed, and 3D printed, as a Poka-Yoke technique. Thanks to this guide piece, it is possible
to remove the QR once it has been read, so that it does not disturb the robot programming (Figure 15).

QR Robot

QR Workobject

QR Piece

Figure 14. Robot station containing the three markers.
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Figure 15. QR code holder placed in a welding piece ready to be read.

The placement of objects over the QR codes was programmed based on the work done by Tommy
Svensson (Svensson), which contained several functions to read QR codes that were adapted to fit into
this project. The official Microsoft documentation (Wen, Milligan, Tieto, & McClister, 2022) was also
used to learn about this functionality. To enable the QR code reader, some permissions were activated
in Unity: spatial perception, webcam access, pictures/videos library, microphone, and Internet client.
The size of the codes was determined from an experiment carried out to test the reading performance,
which is explained in the Analysis and Results section 6.3.2.

5.1.3 Weld Pieces

The possible pieces to be welded are accessed through the button Select Welding Piece on the Main
Menu (Figure 13, (left)), which will trigger the Selection Menu (Figure 16) to choose the piece to work
with among all. Once it is selected it can be manipulable. The pieces already added in the application
are the two replicas, created in Autodesk Inventor from the blueprints provided by Skandia Elevator
(Figure 1), a Cube, and a replica of another piece provided by ASSAR, also modelled in Autodesk
Inventor. Any CAD model can be uploaded as a GameObject to the application to work as a Weld Piece
and there is no limit of pieces to add. In addition, there is no need for a virtual clone of a physical piece
nor to have the physical piece to program a path along it, as it will be explained later. When the user
has one piece selected, a visual element, a blue arrow, follows the user pointing to the piece when the

Figure 16. Welding Pieces Selection Menu.
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user is not looking at the piece. This is a useful tool to be able to find at any time the working piece
and let the user be placed in the virtual environment.

Each weld piece has an app bar, shown in Figure 17, to have easy access to its properties, which can
be hidden with the button Hide. The button Adjust enables the bounds control, a tool to scale and
rotate the piece with a visual aid of a wireframe. By default, it is not active to avoid visual clusters and
to prevent unwanted changes. Remove hides the weld piece, which it can be shown again through the
Select Weld Piece button on the Main Menu. Name shows and hides a tooltip with the piece description
whereas Home saves the actual Transform (position, rotation, and scale) of the piece. Later, the user
can modify the piece or add targets to it with the possibility of going back to its Home Position through
the button Welding Piece Home on the Main Menu. If there are any targets attached to it, they will
keep their local Transform in relation to the piece, this means that they will keep their position in
relation to the piece and move along it, changing only the global position. The last button of the app
bar, Manipulation, enables and disables the manipulation of the piece, allowing to lock the hologram
in a position to add targets comfortably.

7 Sl

Adjust ve MName Home Manipulatio

Figure 17. AppBar of each weld piece.
5.1.4 Targets

A global Target Menu allows the user to add, delete and change the configuration, specific for each
target. Targets must be a dynamic GameObject as at the beginning of the application the final quantity
of them is not known.

| TARGET MENU

N

| Delete { Delete }
Add Target All Targets | Selected Target|
—_—

% | MW
@ | a |

EditPath | EditTarget | g 0 path
Configuration | Configuration |

Figure 18. Target Menu.

When adding a target through the Add Target button on the Target Menu (Figure 18), the constructor
script instantiates a Target Prefab, containing all the target features. Each target is created with a rising
id (t10, t20, etc) as a child of the active Weld Piece. Furthermore, each target can be manipulable
(movable and grabbable), and, by activating the button Edit Target Configuration on the Target Menu,
it can be rotated and scalable with a wireframe visual (bounds control) (Figure 19). In addition, it can
also be rotated while showing the robot tool as it would show in the path by selecting Rotate Tool At
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Target on the Robot Menu (Figure 19). This functionality works as an aid to have a more accurate
placing avoiding collisions with the piece.

Figure 19. Rotation of the targets without tool (left) and with tool (right).

Furthermore, the weld piece mesh is studied to get its vertices and added as snap points for the target.
When moving the target close to a vertex, it will tend to snap to it, providing better accuracy than
placing it manually as vertices are key in a welding application. This feature had to be implemented on
an existing Microsoft library on a script of an experimental functionality, called Elastics. This help does
not prevent the target to be placed somewhere else on the piece, for example, on a surface or an edge
so it only adds up functionalities. Moreover, the snaping function can be set inactive from the submenu
Target Configuration (Figure 20), accessed by pressing the button Edit Target Configuration from the
Target Menu.

Figure 20. Target Configuration Menu.

The Target Configuration submenu also shows the actual position and rotation values of the target in
relation to the welding piece. These values can be manually changed by touching the field to update;
the action will trigger a number pad to insert the new value. After confirming the changes, the target
will go to that position and or rotation.

For the deletion of the targets there are two possibilities, a button to delete them all (Delete All
Targets) and another one that, when active, deletes the target the user touches (Delete Selected
Target). For either option, a message dialog appears to confirm the destruction (Figure 21).

25



| Confirm Delete Confirm Delete
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Figure 21. a.(left) Dialog to delete all targets.  b.(right) Dialog to delete the selected target.

As for the path programming, each target has its own Transform information but also a type, zone, and
speed value. Those three variables can be changed by activating the button Edit Path Configuration
and then touching the target, triggering a slider menu to select from the different possible values they
can have (Figure 22). In addition, it also includes information about whether the Snap feature or the
Welding Gun is active or not. Those values will be stored in a script, readable by the robot through
other scripts, and added to the path planning. This allows the user to fully configure the robot path
directly from the MR environment.

Speed —‘e— /
/

Low < v100 Manual Max = v250

Figure 22. Path Configuration Menu for each target.

Due to the nature of this welding application, another button allows the user to activate and deactivate
the welding gun on each target. To show this feature even when the menu is not active, the targets
follow a code of colours, being green when the tool is inactive and pink when it is active (Figure 23).
By default, all targets begin with the tool inactive for safety reasons in an industrial application.

The last button, Show Path, highlights the path connecting the targets (as can be seen in Figure 23).
This feature does not implement the zone value; its goal is to be a visual aid of the path. To see the
final path the targets must be sent to the robot and visualized by starting the simulation, as explained
in 5.1.5 Robot.
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Figure 23. Target with welding gun active (pink) and targets with welding gun not active (green). Show path on the left.

5.1.5 Robot

The robot station (Figure 24) is loaded and connected to Robot Studio from the beginning of the
application but can be placed in the real position with the button QR Code Search button on the Main
Menu (Figure 13, (left)). The building of the robot is done using a component called Robot Builder,
which can generate the game object of the robot from a Robot Studio station exported as GLTF format,
which is a standard format for scenes in three dimensions and it is also the format used by ABB to
export the simulations into AR applications (ABB Inc, 2021). This component was exported and adapted
from Tommy Svensson’s (Svensson) previous work. Like the other components, it also has its own
menu, Robot Menu, to interact with it (Figure 25).

Figure 24. Robot Station in Unity (left) and virtual robot aligned with the real robot (right).
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Stop Sim

‘
|

Figure 25. Robot Menu.

The robot can be jogged manually with the button Robot Jog (Figure 26), triggering a slider menu, and
it can be sent back to its home position with the button Go Home. A specific button, Move Tool, allows
changing the orientation of the tool in a particular target by rotating the target itself. This is to prevent
collisions with the welding piece on the path.

Figure 26. Robot Jog Menu.

Once the welding piece with its targets is in place, they can be sent to the robot controller with the
button Send Targets and displayed on the Info Cube (Figure 27, (right)). The robot answers if the
connexion has been successful and, in case any of the targets is not reachable, it will change its colour
to yellow for visual aid (Figure 27, (left)). When targets are loaded, the robot can move to each of them
with the help of the button At Target or show the complete path with the button Start Sim; and
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stopped through Stop Sim. At all times, the robot visualization can be checked in RobotStudio but also
in the Unity application. Through the Info Cube, the state of the station always can be controlled.

IR 5
Figure 27. (Left) Target reachability, yellow is not reachable. (Right) Debug Info

»
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5.1.6 User Interface Considerations

One of the aims of this project was not only to develop a functional application but to make it intuitive.
Therefore, each menu of the Ul was created following Microsoft’s recommendations regarding the
user experience and the ease of use of an application (Barragan, Sharkey, & Eveleigh, 2021). To focus
the attention of the user and not to create vision cluster, the buttons are separated into menus
according to their functionality; five in total.

The three major menus — Main, Robot, and Target — contain a button to pin the menu in the space or
to allow the menu to follow the user. This way, it is possible to place a menu in a proper place to work
depending on the needs of each user, but also have it comfortably moving along with the user. Below
the pin button, a second button offers the possibility to close the menu in case it is no longer needed,
or its presence is not required. They are colour-coded to provide a visual aid as they may be open at
the same time for some tasks. With a quick look, the user can identify the menu faster than reading its
title.

All those menus can be reopened through the hand menu (Figure 12), which is easily accessible by
facing up the hand palm (whether the right or the left hand). This movement will trigger three buttons
to appear next to the palm to reopen the Main, Robot, or Target menu. According to Microsoft’s
recommendations, no more than 4 buttons together should appear in the hand menu to avoid
confusing the user. Another good practice is to not place complex menus in the hand, since they will
require more time for the interaction, and having the hand raised a long time may cause fatigue. For
this reason, the hand menu is only used for reopening the other three submenus, which appear in
front of the user. The objective of using a hand menu was to allow the worker to organize the user
interface as desired, encapsulating the menus when a clearer view is needed and reopening them
through a look at the hand. By implementing the hand menu, it was intended to provide an ergonomic
posture for working and to avoid awkward or uncomfortable movements. In addition, the Windows
home button can be triggered accidentally if the hand menu buttons are near the wrist. To avoid this,
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all buttons were placed next to the little finger, since placing them above the arm or above fingers
could cause tracking issues.

In addition to the general menus mentioned above, the specific quick-use menu for each Weld Piece
is implemented to exploit all the functionalities they have. It can also be moved around, pinned down,
and minimized to have a more comfortable and clean experience.

Following the same criteria, the menus that offer different options or steps, such as the Weld Piece
Selection menu and the tutorial guide, only show one pack of information at once and offer buttons
to go back and forth. Information is better retrained by following this method.

All the menus, other information displays (such as Debug Info Cube and Help Cube), and Game Objects
allow both one-hand and two-hands manipulation as well as far manipulation.

5.1.7 Transformation of coordinate systems

The calculations to transform the coordinate system from the MR robot to the real robot are done in
a C# function before the target’s data is sent, which means that Robot Studio always receives the
coordinates in the proper system. The transformations were optimised to require the minimum
number of operations and to make the exchange of the target’s information faster. This optimization
was done by studying the differences between the coordinate systems in Unity and in Robot Studio.

There are two main differences between frames in Unity and in Robot Studio. Unity creates left-
handed coordinate systems, while Robot Studio applies the right-handed system. Moreover, the axis
facing upwards in Unity is the Y-axis and in Robot Studio is the Z-axis. Figure 28 shows the difference
between the two systems.

UNITY ROBOT STUDIO

Figure 28. Unity's coordinate system(left) and Robot Studio's coordinate system (right).

Taking these differences into account, game objects in Unity were created, rotated, and configured to
be as similar as possible to workobjects in Robot Studio. To simulate the relation between different
workobjects, empty game objects were created following a parent-child hierarchy. All targets were
children of the weld-piece, who was a child of the workobject, and a grandchild of a game object called
Station. In the manner of Robot Studio’s workobjects, the piece and its targets follow the simulated
workobject in Unity when it is moved, and the same occurs with the whole station. The simulated
workobjects were placed so that Z and X axis in Unity were parallel to the axis in Robot Studio, as Figure
29 shows. Thanks to these changes, targets could get the position and orientation with respect to their
parent and it was only needed to apply a transformation from the left-handed to the right-handed
system, accelerating the flow of the program. Afterward, a left-handed frame was incorporated into
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every workobject in Unity so that the origin was visible. In Figure 29, it is noticeable that only the Y-
axis is different in Unity, and this is due to the left-handed system.

Regarding the targets, they were also adapted to copy the frame orientation of Robot Studio’s targets,
and they were created with the welding gun facing downwards as a default. The process to get the
target information for Robot Studio is enumerated in the following list.

1. Get the position of the target with respect to the parent.
2. Convert the position to right-handed system.

3. Convertto mm.

4. Get the local orientation in quaternions.

5. Convert the orientation to right-handed system.

6. Gettype, speed, and zone data and welding gun state.

7. Send the information to Robot Studio. Once in Robot Studio, targets are read, stored ,and
added to the welding path.

UNITY ROBOT STUDIO

=

Figure 29. Left-handed workobject in Unity (left), right-handed workobject in Robot Studio (right). Both images represent the
same workobject.

5.2 Visual Studio

Unity’s way of functioning consists of having GameObjects with different features, given by C# scripts;
from MRTK or Unity libraries or originals. There are basic functionalities when developing a HoloLens
application, such as having interactable, and manipulable objects. The different constraints make the
objects movable, grabbable, and interactable among others, either being virtual models or buttons,
and menus.

In order to give a more specific functionality and to communicate information among different objects,
itis needed to create new scripts. This is the case, for example, of the targets. There is a script to create
or destroy them common for all objects of type “target” but also each of them has its own “Target
Configuration” to be able to personalize their type, zone, and speed values. These scripts are explained
in more detail in Appendix 4 Unity and Robot Studio scripts.
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5.3 Robot Studio

Whereas the target information about the position, orientation, and configuration is obtained through
Unity, the robot movement study takes place in Robot Studio. A station was created containing a
model of the CRB 15000 collaborative robot and a workobject with the same dimensions as the real
workobject in front of the robot at ASSAR (Figure 30). Two tasks were assigned to the virtual controller,
one of them to move the robot and another to manage the TCP/IP communication.

Figure 30. Robot Studio station containing the robot, the tool, and the workobject.

Robot Studio does not only receive the position and orientation of the targets, but also the type of
movement, the speed, and the zone values, information that is used to create customized paths. In
addition, the reachability is checked automatically for each target by looking at the joint values for a
certain target and handling the errors. In case an error is generated, Robot Studio informs Unity that
the target is not reachable. Then, the target’s colour changes to yellow in the MR environment. The
selection of the yellow colour is due to the colour of unreachable targets in Robot Studio, which is also
yellow.

5.4 Communication

The initial protocol of communicating Visual Studio and Robot Studio with RWS was dismissed and a
TCP/IP socket communication was created instead. This socket acts as an intermediate between Visual
Studio and Robot Studio allowing the exchange of bytes in both directions so that the communication
can be completed in real-time.

The socket was programmed in RAPID in Robot Studio and in C# in Visual Studio, using the IP of the PC
and an open and free local port. Robot Studio was set as the listener who starts the server itself when
the application is started. When it is created, the server starts listening for incoming connections and
receiving data from the client, that is Visual Studio. On the other hand, in Visual Studio the socket
connection was established as the client to trigger the communication, send a message to the server
and wait for an answer.

Figure 31 (left) shows the steps followed during the communication process, while Figure 31 (right)
contains a more general diagram about the connection between different environments with the
TCP/IP.
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To send commands and data from the client (Visual Studio) to the server (Robot Studio), the
information was converted to strings and then encoded to ASCIl before it was sent. The strings
followed an invented protocol that was created in order to unify the type of commands. This protocol
separates the strings into two parts, the command, and the data. The command consists of two letters
that are the abbreviation of the command, while the second part is optional and contains data
necessary for the command. For example, to send a target to Robot Studio, the command is “ST”, the
abbreviation of “Send Target”, and the data is the position, and orientation of the target converted to
the robot coordinate system. More information about the implemented commands can be found in
Appendix 3. TCP/IP detailed exchange of data. Thanks to these strings following a protocol, the
information can be decoded in Robot Studio to extract the command and take decisions based on it.
The implemented commands were the following.

e Change workobject: To send the position of the workobject to Robot Studio and update it.

e Go Home: To move both virtual robots to the home position.

e Send Targets: To send the targets and their configuration to Robot Studio. The reachability of
the targets is checked automatically when the targets are sent. In order to obtain the target
data, the position and orientation of the MR target are read and converted to the robot
coordinate system, then it is sent to Robot Studio along with its type, speed and zone
configuration. This command also calls other private commands for the user, which are:

o Update the number of targets.
o Store target configuration.
e Robot at target: To place virtual robot in the desired target.

e Start simulation: To start the simulation in Robot Studio and make the MR robot imitate the
movement of the virtual robot.

e Stop simulation: Stops the simulation in the MR environment and Robot Studio.

Another factor to take into consideration is the addition of the multitasking feature to the controller
in Robot Studio to move the robot at the same time the server is exchanging information. Two tasks
were created — Task Socket and Task Robot.

e Task Socket: in this task, the server is created, and the information is decoded to get the
commands. It contains all the necessary procedures to execute the commands, except for
those procedures necessary to move the robot, since this task does not allow any movement
instruction. For this reason, the target and its type, speed, and zone configuration are stored
in global variables declared as persistent, which means that the variable is shared between
tasks and stores its value even when the simulation is stopped.

e Task Robot: it contains all the instructions to move the robot. When the Task Socket sets a
signal to move the robot, the Task Robot accesses the target data stored in the global variables
and moves the robot. Meanwhile, the Task Socket can send the current value of the joints to
Visual Studio if it is necessary.
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When the simulation is started in the MR environment, the MR robot requests every frame an update

of the position, which is sent from Robot Studio by reading the current joints of the virtual robot. All

the information is sent as strings with commands and data, as explained before. This way, the MR

robot copies the movements in real-time of the virtual robot during the simulation. Since the request

for updates is done every frame, they were activated exclusively when the robot was moving. In

addition, the socket communication during these updates was optimized by removing all the printing

options on the screen and creating/closing the client only once when the robot started or stopped the

movement.
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Figure 31. Flowchart project connection(left). Flowchart TCP/IP communication (right).
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6 Analysis and Results

6.1 Unity

The different interactable objects, such as menus, buttons, game objects, etc, behave as expected
allowing near and far manipulation, and the pin and hide buttons of the menus are helpful to have a
personalized and clean workspace. The app has been developed so the user can work both standing
and sitting, not only statically but also moving around. Furthermore, to make the application more
accessible by working hands-free, the HoloLens speech command feature was implemented. However,
it did not offer stable results as, after testing, not always worked. It was decided to not include it in the
final version.

When entering the application, a tutorial guide appears to help the user navigate in the MR
environment. The user can know the different functionalities that it offers and how to access them and
can show the help again through the Main Menu. The hand menu with a shortcut to the other menus
has proven to be of great help as well. These features allow a new user or a non-expert to be able to
work in the environment and personalize the different Ul.

In relation to the welding pieces, there is no limit on how many can be included in the application, but
the user can only work with one at a time. To program another one, the new piece must be selected
on the menu, hiding the previous from the environment as only one piece can be shown at once. The
position of the piece and its targets, with their configurations, will be saved and can be shown again
by selecting it back on the menu.

According to the targets, each can be configurated, moved, and rotated, as it would on a common
robot programming platform, directly on the environment. Furthermore, being able to see the robot
at each target and being able to change their rotation while viewing the tool provides higher accuracy
when programming a welding path. As for the target placing, the snaping of the targets to the weld
piece’s vertices when moved near them is very practical. Despite that, it can be controversial when
there are two or more vertices closer together than the snapping radius of the target, as it will not be
able to place itself properly. To avoid this, the piece can be scaled up or the target made smaller, with
the comfort that everything can be set back to its original scale and position at any time, or the snap
feature can be deactivated manually for that target.

The application offers flexibility since it is not linear so the user can modify anything at any time and
can be updated again.

6.2 Communication

Even though the socket communication took a long time to be set up and some functions had to be
optimized, it provided better results than expected. In Unity’s game view, the MR robot could follow
exactly the movements of the robot in Robot Studio, without any noticeable delays. When sending the
targets, the application spends a bit more time depending on the number of targets, because of the
quantity of information — position, orientation, speed, type, zone, and state of the tool for each target.
The stop button stops the simulation instantly in the MR environment, but in Robot Studio the robot
keeps moving until it finishes the moving instruction that was active when the stop command was sent.
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However, it does not entail risks for human safety, since at every moment only a virtual robot is being
used, and to move the real robot it is necessary to transfer the code through Robot Studio. In addition,
the communication was built so that the server in Robot Studio could be closed without stopping Unity
and vice versa, which helped to speed up the debugging process.

Regarding the performance of the simulation, it is done smoothly in Robot Studio, but the motions in
the HoloLens2 have been seen to depend on the computational resources of the computer. When the
simulation was started on one of the authors’ laptop, some speed problems appeared when viewing
the robot at target and when starting the simulation, while on the other laptop with more powerful
resources, the robot was updated almost instantly. Viewed through the HololLens2, it was possible to
see the complete simulation with the virtual robot moving in real-time, without speed issues, as it was
intended with the optimization of the communication protocol.

6.3 Experiments

Throughout the developing process, several experiments have been conducted to test different
features. The results of those tests have influenced the future of the application.

6.3.1 Spatial mapping

The initial approach to set the targets on the welding piece was to use spatial mapping to detect the
contours of the physical welding piece. The real object would be identified as solid within the
application so the targets can be set along the edges and surfaces.

To test this existing functionality in the MRTK, the example scene provided was played to determine
the accuracy of this technology and to have a better understanding to apply it in this application. The
experiment consisted of six objects placed on a table and read by the HoloLens from different angles.
The glasses map the surroundings, and that mesh could later be checked on the computer. The
experimental objects are listed below with a brief description and measures (Table 1).

Table 1. List of objects in the Spatial Mapping experiment.

Identifier | Measures (1 mm) Description

Box A 340x240x140 White cereal cardboard box.

Box B 200x200x110 Brown cardboard box.

Box C 95x90x55 Orange tea cardboard box.

Cylinder D 70x110 Can of preserves.

Box E 130x75x10 Rectangular wooden phone stand with round edges.
Box F 200x190x40 Abstract industrial metal piece with many details.
Box G 350x230x135 Black box with round edges.

Box H 400x260x255 Black backpack.
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The following pictures (Figure 32 and Figure 33) are a comparison of the real visualization of the objects
placed on the table contrasted to the mesh produced by the Spatial Mapping of the HoloLens.

Figure 33. Table 2 with objects D, E, F, G, H in the real world (left) compared to Spatial Mapping (right).

Furthermore, the feature Scene Understanding (Figure 34), which is an analysis of the Spatial Mapping
that uses Al to detect plane surfaces, was tested in those scenarios as well.

Figure 34. Objects A (top left), B (top middle), C (top right), D (bottom left), E (bottom middle) and F (bottom right)
in Scene Understanding.

As it can easily be checked, the results of this experiment showed that this technology is not yet
advanced for a welding application of small to medium size objects. The accuracy needed to detect the
contour of these objects is not met, even when using the highest mesh resolution (triangles per cubic
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meter parameter), although it may be viable for larger pieces. As the working pieces for this specific
application are of closer sizes than the ones tested, getting the contours of the pieces cannot be done
through Spatial Mapping so this technology is discarded.

Consequently, a new method was decided. Instead of reading the physical object through the glasses
and interpreting it as a virtual model, the application works directly with the 3D model of the piece.
Although with this solution the user has to previously upload the model, it offers many advantages.
Firstly, a 3D model of the piece is easily accessible as nowadays virtual models are commonly used in
the industry. The main perk of working directly with the hologram is that it can be conveniently moved,
rotated, and scalable, making it easier to set targets exactly where needed. As an example, most pieces
have small vertices that may be difficult to see or access in the physical model but can be zoomed out
with the virtual one. This way the application also reduces the physical risks of lifting and manipulating
real objects as well as having to move around to have better views or a larger one. Especially for
welding applications, the pieces are usually metallic, and touching the unfinished edges or surfaces of
the piece can be dangerous; this is avoided when working with the holograms. Furthermore, this
solution can work from small to large pieces. Once the targets are placed, the piece (with the targets
attached) can be set back to its original position and scaled with a simple button instruction, Go Home.
In addition, the model can be placed where the real one by placing the physical piece with a QR code,
but another MRTK feature could be added to the application to detect the physical piece in the real
world and align the virtual model to it as a digital shadow; a feature called Azure Object Anchors.

6.3.2 QR Codes

The accuracy when reading QR codes for the placement of the virtual robot over the real one was a
matter of high importance, because any imprecision during the positioning of the station, the
workobject, or the welding pieces could generate differences between the virtual and the real path.
Consequently, three experiments were carried out to test the QR reading ability of the HoloLens2 and
to select a proper size for the physical QR codes. Especially, the experiment was focused on the
capability of positioning the codes correctly in the space without drifts.

Firstly, the official Microsoft documentation and recommendations (Wen, Milligan, Tieto, & McClister,
2022) were read and noted down to compare them with the results of the experiment. According to
this documentation, the HoloLens2 devices support QR versions from one to ten: the maximum held
from 25 to 395 characters, and also Micro QR codes, which can contain from 5 to 21 characters.
Regarding the size, the glasses are expected to struggle when working with QR codes smaller than 50
mm, while from 50 to 100 mm the device needs to be fairly close, and it may take longer to detect the
code. Moreover, the size can have an error of at most 1% error from the real size.

Considering the Microsoft official documentation, three different experiments were carried out. For
these experiments, two types of QR codes were generated, one containing “TestPart_X” and another
containing “TestPart_XY”. Then, six copies of each type of QR code were printed in different sizes — 50,
70, 90, 110, 130, and 150 mm. The size corresponds to a side of the square containing the code,
considering the margin, and the printer scale was changed to 100% to make sure that they were
printed in the correct size. The selection of the sizes was motivated by the fact that 50 mm is the
minimum size recommended by Microsoft, and also because over 150 mm the QR codes were
estimated to be too big to be placed in the workspace and might disturb the programming. An
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additional code of 140 mm was printed because it was the size used in the IRB project. For the empiric
measurement of distances and sizes, a ruler of sensitivity +1mm was used. A visual short explanation
of the conducted experiments and material used is shown in Figure 35 and Figure 36.
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Figure 35. Visual summary of the conducted experiments. In blue is the variable that is changed.

Figure 36. Material used in the experiments: a ruler [+1mm] and the different QR codes placed over the table.

6.3.2.1 Experiment A: Size of the QR codes

When the QR reader detects a code, it measures the size of the printed part, without the margin, and
displays the information to the user (Figure 38). In this experiment, the internal size will be referred to
as the size without the margin, while the external size will contain the margin, as shown in Figure 37.

External size Internal size
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Figure 37. Explanation of the measured sizes during the experiment.
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Figure 38. Information of the QR code size displayed to the user.

This experiment was designed to test if the difference between the real and the read size was
noticeable. Even though the capability to detect the size of a QR code has not got a direct influence on
the project, its evaluation can provide more information about the overall performance of the QR
reader. To conduct the experiment, all codes of one type but different sizes were placed over a
horizontal and plane surface. Then, the internal size was measured first with the ruler and after with
the HoloLens2. The distance from the user to the QR codes was between 300 and 400 mm. The
measurement with the glasses was done five times to get the mean value, and afterward, the error
and the standard deviation were calculated. Table 2 contains the external size and the internal size
measured with the ruler and the glasses. The five measurements with the glasses are shown directly
as the mean value.

The error was calculated as the difference between the size provided by the glasses and the size
measured with the ruler, which was assumed as the real size. The results in Table 2 show that the
empiric internal size and the read size are practically the same, with minor differences that can be
attributed to the sensitivity of the instruments and a relative error that is less than 1% in all cases.
Since the sensitivity of the ruler (+1mm) was always higher than the difference between the real size
and the measured size, the errors were put in the table with one decimal to facilitate the
understanding and to prove that the error caused by the glasses was lower than error caused by the
ruler. This shows that HoloLens2’s capability to measure the size of QR codes was highly accurate.
Additionally, the time to detect the codes of 50 and 70 mm was longer than for other sizes, which
indicates that is recommendable to use QR codes larger than 70 mm.

Table 2. Measurements of the size of a QR by different means.

External size Internal size with the | Internal size with the HoloLens2 Error [mm)] Relative
[mm] ruler [+1 mm] (Mean value) [£0.1 mm] error [%]
50 42 42.0 0.0 0.0
70 59 58.8 0.2 0.3
90 75 75.7 0.7 0.9
110 92 92.5 0.5 0.5
130 109 109.7 0.7 0.6
140 117 118.0 1.0 0.8
150 126 127.1 1.1 0.9
Mean 0.6
Standard deviation 0.4
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6.3.2.2 Experiment B: Same distance changing size

The second experiment aimed to test if the size affects the measured distance. To do the experiment,
a little program to measure distances between QR codes was created (Figure 39, (left)), and two codes
were placed always at 300 mm from each other (Figure 39, (right)). Then, the size of both codes was
changed linearly from 50mm to 150mm, but the distance remained the same. The distance was
measured with the glasses three times in each iteration and afterward, the mean value was calculated.

| 6 Placed: Pointer_X
7 Placed: Pointer_XY
8 Stopped QR code Tracking

9 Disabled QR Code Tracking
10| Distance = 0,3011211m

Figure 39. (Left) Measured distance being displayed to the user. (Right) A QR codes place over the table and
detected by the HoloLens2.

Table 3 shows the mean value of the distance read by the glasses, which should be as close as 300 mm
as possible. The difference between the real and the measured distance was approximated with the
rounding method and the error was set and the maximum between the error of the ruler and the error
of the glasses. Since the error of the glasses was not known, it was set as the last decimal provided by
Unity. According to the results in Table 3, a graphic was created in order to show the error between
the real and the measured distance depending on the QR size. It can be seen in Figure 40 that sizes of
70 and 90 mm provide less error. However, sizes under 100 mm need the user to be closer to the code,
so in applications where the codes are relatively far from the user, sizes over 100 mm could be
preferred. In particular, 130 mm could be enough, since it generates less error than 110 mm and
occupies less space than bigger codes.

Table 3. Measurements of distance between two QR codes, changing linearly the size.

QR external size [mm] Real distance [t1mm)] HoloLens2 distance Difference real-
(Mean value) HoloLens2 [+1mm]
[£0.01mm]

50 300 302.09 2
70 300 299.58 0
90 300 300.22 0
110 300 302.75 3
130 300 301.67 2
150 300 301.75 2
Mean 2
Standard deviation 1
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Error in the distance depending on
the QR size
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QR external size

Figure 40. Graphic showing the error in the distance depending on the size of the QR code.

6.3.2.3 Experiment C: Same size changing distance.

In the final experiment, the size of the QR codes remained constant while the distance was changed
linearly. The objective was to test if the distance affects the capability of placing virtually the QR codes.
For this reason, two QR codes of 90 mm were placed between 200 and 600 mm from each other, and
the same program of Experiment B was used to measure the distance between these codes of 90 mm.
The measurements were done three times to get the mean value afterward. This way, the distance
provided by the glasses could be compared with the real distance, as can be seen in Table 4, where the
errors have been established following the same method as in Experiment B (Table 3). The decision of
using the 90 mm size was based on the previous experiment, since it was the biggest size with the
smallest error.

According to the results, the difference between the real distance and the HoloLens2 distance is always
less than 1 mm for all measurements. Therefore, it can be concluded that the distance is a variable
that generates a smaller error in comparison to the error generated by different sizes. This means that
selecting a specific size of a QR code could have an impact on the measurements, while the impact of
the distance is smaller. This experiment was not tested with distances that required long
displacements along the room.

The overall performance of the QR codes was as accurate as indicated by Microsoft and, in general,
the virtual positioning with markers showed better results than placing objects with point cloud
analysis, where Ostanin’s case study (2018) indicated displacements of 9 mm.
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Table 4 Measurements of the distance between two QR codes, changing linearly the distance and maintaining the QR size
constant (90mm).

Real distance [+1mm)] HoloLens2 distance Difference real-
(Mean value) HoloLens2 [t1mm]
[+0.01mm]
200 199.44 1
250 249.70 0
300 299.02 1
350 349.61 0
400 400.07 0
450 449.75 0
500 499.93 0
550 549.71 0
600 600.02 0

6.4 Testing and Evaluation: User Experience

The application has been tested along with its development, as explained in the methodology followed.
However, further evaluation from external people would be needed to provide a better insight into
how easy and intuitive the application is. For this reason, the software was tested by two groups of
people.

The first group was composed of 15 volunteers between 17 and 45 years, whose fields of work were
all related to engineering fields. They were asked to fulfil a survey with questions about the ease of
use of the application, comfortability of the motions, and applicability to the Industry 4.0. The results
of the survey showed that most of the participants find the application useful and understandable, as
well as appropriate for being implemented in the industry. More information about the survey can be
found in Appendix 6.

Although the survey provided good results, the number of participants was not very large and it was
tested on people working in the engineering field, mostly in the same age range (80% between 18 and
25 years). Further analysis should be conducted on a larger group of users with a major age gap and
different background knowledge.

Concurrently, the members of the second group were several attendees to the Prefer and Annual
Meeting ACCURATE 4.0 at ASSAR and to the Production Day at ASSAR as well, who were asked to test
the whole application and provide some feedback. In general, both groups reported some issues when
picking and moving holograms for the first time, since it could be more difficult for people without
previous experience in MR to learn the movements of the hands. However, participants with previous
experience in VR or MR could interact smoothly with the application from the beginning. Furthermore,
both groups concluded that it is a functional and easy application, once they were used to the motions.
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7 Discussion

7.1 Implementation Strategy

The development of the application in Unity has presented many challenges. First, the learning curve
for this platform was steep and many tutorials and small and easy programs were done. Also, for nearly
two weeks, Tommy Svensson’s IRB project was deeply investigated to learn about the connection
between Unity and Robot Studio. A long time was spent trying to understand and adapt the
functionalities in the IRB project, obtaining a low success rate. Even a complete guide to the project
was written to clarify the scripts that it contained, but the lack of documentation about its ABB libraries
finally motivated the idea of starting the project from scratch. However, the IRB project served as a
general guide to how things should be done. Thanks to this project, it was possible to find a way to
move the robot in Unity providing the joint values in radians, and several functions to read the QR
codes. This was done by rewriting and adapting the pertinent scripts.

At the beginning of the development process, when it was found that spatial mapping was not a proper
solution for the generation of paths, it was considered to create paths by drawing by hand like a pencil.
To test if it would be viable, similar projects were searched and an already implemented app from
Microsoft was tried, Graffiti 3D. The conclusion was that with line drawing, the rotation of targets could
not be done easily, so placement of targets was finally implemented like Robot Studio’s method and
with the possibility of snaping a target to a vertex. This functionality had not been implemented in
Unity before as some research proved. However, the solution generated to overcome this was, first to
study the mesh of the welding piece to get the vertices, and then implement the Elastics functionality
of the MRTK to use those vertices as snapping points. It was intended to communicate two scripts (one
for the mesh study and the Microsoft library one) but the library does not allow modification from
external scripts, therefore the mesh study was implemented internally.

About the use of the selected markers, QR codes, it was decided on basis of the Microsoft’s guidelines
for the HoloLens2 and the results of the conducted experiments. However, work object detection can
also be done by using fiducial markers, as implemented in Schmidt and Wang’s work (2014). Fiducial
markers from the ArUco library are based on OpenCV and have a resolution of 5 by 5, so they can be
detected from a further distance (Schmidt and Wang, 2017).

The selected method for the communication with the virtual robot was initially RWS, which differs
from the final decision of using a TCP/IP socket. There were two main reasons for this change. Firstly,
Stone et al.’s (2020) work report some speed problems when working with RWS in a digital twin, while
this project requires high-speed communication to correctly update the position of the robot in real-
time. In addition, the use of RWS requires previous knowledge of HTTP and XML or JSON, which
learning process could have slowed down the advance of the project. Secondly, the TCP/IP protocol of
communication can be adapted to work in other programming environments, not only in Robot Studio,
making it a flexible communication solution. The availability of TCP/IP documentation for both C# and
RAPID was also an important factor in the decision since it was easier to learn about the
implementation. There is an alternative method to connect to the virtual controller that consists of
including several Robot Studio libraries in the project in Unity. The addition of these libraries can
provide the advantages of controlling the robot from Visual Studio or start/stop the execution through
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the system 1/O. However, this method was not selected because of the difficulty of finding
documentation and because of the above-mentioned inflexibility compared to the TCP/IP protocol.
Additionally, there is another way of connecting to the controller directly from Visual Studio that is
using a PC SDK, which is a software tool to create operator interfaces for ABB robots. Regarding the
use of this PC SDK, ABB provides complete documentation and several examples to learn. The
disadvantage is that the documentation indicates that it is a feature for the IRC5 controllers, so having
the TCP/IP protocol already configured, the PC SDK option was dismissed.

Another method to discuss concerning communication is the use of strings of commands. With the
exclusive use of a TCP/IP socket, every command must be created from scratch and configured so that
the client can send it and the server read it. Even though with the use of Robot Studio libraries some
of these commands are already created, the commands encoded in strings allow more flexibility when
creating customized functions, which entails another reason for selecting a TCP/IP solution. In fact, at
the beginning of the project, the use of strings raised concerns about the communication speed and if
it could be possible to update the position of the robot in real-time. The length of the strings containing
joint values could become a problem when requesting an update of every frame through Visual Studio.
For this reason, two communication methods were created, one for the general Visual Studio-Robot
Studio exchange of data, and a second method that was an optimized copy of the first method. With
the implementation of the second method, the updates of the joint values in real-time could be done
smoothly without speed problems.

Additionally, some problems were encountered regarding the options available in the virtual controller
and Robot Studio. ABB collaborative robots of type CRB 15000 relay on the controller called OmniCore,
which offers some configuration options that differ from the industrial IRC5 controllers. Since this
matter also concerns the socket communication configuration, the initial setup of the server in an
OmniCore controller is different in those robots with IRC5 controllers. The solution was to include the
Robot Connect option in the virtual controller in Robot Studio, instead of the PC Interface feature,
which is not available in OmniCore products. Another change in the configuration is to allow the
creation of rapid sockets. These two main changes in the configuration delayed the creation of the
server until they were solved.

7.2 Impact of MR on Robot Programming

The application created holds many functionalities for robot programming where a path can be
thoroughly created from beginning to end.

The application has been developed so it contains the characteristics necessary for robot
programming, as an offline programming tool has, while being in a MR environment. Consequently,
there is no limitation on the number of targets placed, each of them having its own configuration.
Every target can be positioned and rotated within the environment with a visual aid of them placed in
reference to the piece, while seeing the robot and tool in that position and orientation. As occurs in
offline path planning, if the position of the target is known beforehand, the application also allows
entering a position and rotation manually. In addition, the targets can handle three types of
movements (linear, joint, and circular) and can have a different range of zone and speed values,
depending on the purpose and situation. The Snapping feature for extra aid can also be used for a
more accurate placing.
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As for the welding pieces, there is no limitation on how many can be added. They can be
reprogrammable and different paths can be created for different pieces within the same run.
Nonetheless, the actual state of the application does not allow to work with two virtual models at
once. For this reason, the pieces uploaded are models of the different parts already welded, that may
not concur with the physical piece if there is no example of the complete whole. In that situation,
target placing will be done as usual with the complete virtual model. Even if the physical parts are not
attached, the virtual model can be positioned on the same origin as the real components will be welded
with the QR code. Not having the correspondent physical piece is not a constraint for the path
programming on the application. Moreover, a path can be programmed without having the virtual
model of a piece. The 3D models of the pieces are an aid for the user to place the targets, as the piece
can be scaled up for greater detail while keeping the original position as reference, and targets can be
snaped to the vertices automatically. In case the model is not available or not uploaded to the
application, targets can still be placed and sent to the robot. MR allows manipulating holograms within
the real world so the targets can be placed on the real piece in the 3D space with an adequate level of
accuracy.

Programming in MR offers many advantages as it is more accessible and intuitive, for both experts and
non-experts in the field. The needed functionalities for the path planning are shown through easy-of-
use interfaces and menus and the manipulability of all objects and personalization of the workspace
allows the user to work statically and dynamically, standing or sitting. This application is an example of
how a complete path can be created in MR without any external tool. However, in case there is a
functionality not included, the path can be retouched in an offline programming software as the
application sends all the targets there. Ergo, it can be used both independently and as an extension of
another programming system.

However, there are also some disadvantages, some intrinsic to the materials. For example, using
HoloLens for long periods may cause ocular fatigue and when there is no proper lighting, they may not
read the QR codes well or they may have difficulties placing the holograms. As for the QR codes, they
have an error of approximately 1mm that may affect the virtual objects’ positioning.

7.3 Flexibility of the MR application

As it has been previously discussed, the application meets the programming purposes among different
scenarios. Regarding the model of the robot, it only has been tested for the ABB GoFa CRB 15000.
However, theoretically, it can be extended to other robots.

The application has a robot model, but the technical data of the joint values and TCP is sent from the
virtual controller. Consequently, as is explained in section 5.4, the target information and other states
of the application are coded following an original protocol, that needs to be implemented on the new
controller to grant the automatic transferability of the project to another robot. In Unity, the only
change would be to import the GLTF files of the new robot and recalibrate its position with the QR
code to superimpose it with the real robot. Furthermore, it is not mandatory to have a robot to
program a path, as the targets are created in Unity before they are sent to the controller. Having the
robot in the MR environment is only a visual aid and is not dependent on the path programming.
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Each controller environment has its own libraries and configurations, if the new robot is an ABB as
well, the RAPID code and modules can be recycled and copied to the new controller. In the case of a
different company or environment, new code should be implemented following their conventions.
However, the target values and configurations are created in Unity, and they can be accessed within
the application in Visual Studio, copied manually and added to another controller for manual
communication.

Regarding the tool of the robot, it is not dependent on Unity, as for the robot; any other tool can be
shown in the application by only adding its GLTF file.

As it has been mentioned before, physical objects are not required to use the application.
Consequently, it is possible to work without the physical welding piece as well as without the real
robot. This makes the application portable, as the only materials needed for it to work are the
HoloLens2, QR codes and the RobotStudio program on a computer. Internet connection is also needed
to create the TCP/IP server.

7.4 Sustainable Development

In section 1.5, the discussion about economic, social, and ethical sustainability was focused on the use
of Mixed Reality devices, while this section aims to discuss sustainability within the context of the
project, taking into account its results.

The use of a MR application for programming instead of conventional methods entails a change not
only in the way of thinking but also in the way of working. During online programming, the worker
needs to hold a Flex Pendant most of the time, which may lead to fatigue, and it is possible that
movements to constantly stand up and sit down were required to check if the robot is conducting the
path correctly. Moreover, working with a real robot could generate risks to human safety. Another risk
that was observed during the development was related to the manipulation of the real welding pieces.
Some parts of the piece contain little sharp protrusions of metal, which could hurt users while
manipulating it without gloves.

On the contrary, by the use of the MR application, the welding path can be done without the need of
a real robot and the welding piece can be manipulated virtually, reducing risks. The user can also move
the welding piece to work in another more comfortable place, accessing all menus and functionalities
while the operator is sat down. For this reason, it could help people with difficulties working standing
or working dynamically in an environment with a real robot. Because of this, the use of a MR
application for robot programming can improve the inclusivity of people with different abilities.
However, a disadvantage regarding human health was noticed during the development of the project.
As mentioned before, wearing the glasses continuously can cause ocular fatigue, so it is needed to take
breaks during the use of the application. To reduce the risk, inside the application the user can see a
warning indicating that it is recommended to rest if ocular fatigue is felt.

Other aspects of the ethics when using the glasses must be considered. MR systems employ eye-
tracking systems to make the experience of the user more immersive and to allow interaction with the
real world. This data is sensitive and can raise privacy concerns, consequently, it should be treated
with the same privacy protocols as health data (Gobel, Kurzhals, Raubal, & Schinazi, 2020). The
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HoloLens2 can measure the user’s gaze and capture the surroundings for hand-free interaction, data
which is exclusively used to control the application.

Regarding the learning path of programming a welding robot, the application can facilitate both the
understanding and the programming for workers with little background knowledge. Even though the
application can be used to program in the virtual environment without previous experience, it is still
needed some knowledge in robot programming to transfer the code from the virtual to the real
controller; knowledge such as adding a robot to the Robot Studio station, create a relation between
the controller and request write access through the Flex Pendant. Because of this, if the application
were implemented in the industry, robot engineers or workers with some training are still needed to
supervise the overall functionality if the real robot is programmed by a user without any previous
experience. Considering all previous factors, the first, second, and last principles of the Swedish
Engineers Union’s Code of Honour (2022) are followed.

Finally, continuing the economic and environmental aspects explained in section 1.5 of the
introduction, using virtual objects instead of real ones reduces the use of materials to build the pieces
and allows the users to learn without real robots.
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8 Conclusions and Future Work

8.1 Conclusions

The initial aims of this project spun not only around the creation of a robot programming application
in MR, but also in exploring the capabilities of the MR to bloom as a new programming tool. To achieve
these objectives, a working methodology has been followed and completed, allowing to obtain results
from the implementations, the experiments, and the user experience. The results are in harmony with
the initial objectives, which have been reached and extended, as can be seen in the following list.

e A study about the current state of the MR in the industry has been conducted (first initial
objective) and filtered to find which of the acquired knowledge could be applied to the project.

e A MR application for robot programming has been developed to generate paths (second initial
objective), change different configurations for each target, get visual aids during the
programming with virtual objects and test the simulation.

e A communication protocol has been created for the exchange of data without the need for
third-party libraries, and that can be adapted to not only ABB robots.

e A user interface has been designed to be easy to use (third initial objective) and with the
implemented feature of activating a guide with steps.

e Complete paths programmed with the HoloLens2 have been exported to the real robot (fourth
initial objective) and tested with real pieces, providing an accurate performance.

e To answer the doubts about the performance of existing features, several experiments have
been conducted to find the most suitable solution.

e The benefits, limitations, and flexibility of the application have been discussed considering its
impact on humans and the user experience. It has been proved that the application can be
used for learning purposes and for programming real robots.

8.2 Future work

The project can be enhanced by the addition of new features that expand its options and
capabilities. One of them is related to the communication boundaries, since in the current state it is
only possible to work with one robot. Implementing the option of choosing between several robots
can entail a major improvement in the versatility of the application as well as choosing from different
tools for the robots.

Another feature that could be interesting is to add collision avoidance to the generated path so
that the robot automatically adjusts the movements to not collide with the welding piece. Moreover,
the program could be changed so that the welding pieces are loaded into RobotStudio, which can help
to use the collision avoidance capabilities of Robot Studio, instead of doing it inside Unity. Regarding
the computer performance, including remote rendering and making all the processes on an external
device can help in those situations where the computational resources are limited.

Finally, Microsoft provides a premium feature for object detection that is called Azure Object
Anchors. This tool could be implemented and tested to evaluate its results in comparison with the
accuracy of QR markers. From the same provider, Azure offers a cloud service that may be helpful to
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implement if the application is going to be used frequently. Some information, such as the object
anchors and paths, could be saved on the cloud so that the information is not lost between runs and
can be accessed again on another occasion.
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Appendices

Appendix 1. Work Breakdown and Time Plan

In this appendix, the initial work breakdown and time plan for the project (Table 5) are compared to
an updated version which shows how the project took place (Table 6).

Table 5. Grant diagram of the initial time plan.

JAN FEBRUARY MARCH APRIL MAY JUNE

ACTIVITY 112 |3|4|5|6 |7 |8 |9 [10|11 |12 |13 |14 | 15| 16 | 17 | 18 | 19 20

Investigation N

Development
of the D
programs
Testing and
evaluation

Final |
presentation :>

Report N

In general terms, the whole project could be finished by meeting the initially proposed milestones, but
with some changes. At the beginning of the investigation period, it was discovered that the spatial
mapping functionality was not suitable for the objective of detecting edges, so another solution had
to be found. This fact, along with the complexity of learning new concepts for using and programming
Unity, extended the investigation period by three weeks more. This extra time was mainly used to
watch tutorials and read Unity and Microsoft documentation in addition to developing small programs
to practically learn the platform.

Meanwhile, the development of the programs was also shifted three weeks after the initial date. This
change was applied because the investigation process took more than expected and it was more
convenient to have everything planned beforehand, so that no time was wasted developing useless
programs. However, it was possible to develop some initial programs before the half-time
presentation, which helped to show the objectives and path of the project. Additionally, the
testing/evaluation and improvement periods were extended to have constant feedback on the results.
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Table 6. Grant diagram of the updated time plan.
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Appendix 2. Software versions

The aim of this appendix is to show a detailed list of the several engines, plugins and other resources

that were used, as well as their versions. The selection of the proper project version in Unity can avoid

future bugs when allowing the editor to update the project itself. About the emulator of the HoloLens,

it only works in Windows 10 Pro licenses, because it needs the Hyper-V feature activated. However,

the emulator was not needed thanks to the availability of the glasses and the Unity’s game view.

Table 7. Software versions ordered alphabetically.

Name

NET

Autodesk Inventor Professional
Microsoft.MixedReality.QR

Mixed Reality Feature Tool

Mixed Reality OpenXR Plugin
Mixed Reality Toolkit Examples
Mixed Reality Toolkit Extensions
Mixed Reality Toolkit Foundations
Mixed Reality Toolkit Standard Assets
Mixed Reality Toolkit Test Utilities
Mixed Reality Toolkit Tools

NuGet for Unity

RobotStudio 2021.4 (64-bit)
RobotWare

Unity

Unity GLTF

Unity Hub

Visual Studio

Version

5 Desktop
2020
v0.5.3011
v1.0.2111.0
v1.4.0
v2.7.3
v2.7.3
v2.7.0
v2.7.0
v2.7.2
v2.7.2
v3.0.2
v21.4.9700.0
v7.5.2
2021.1.26f1
v0.1

244

2019/2022

Type

Developer platform
Design software
Unity package
Unity tool

Unity package
Unity package
Unity package
Unity package
Unity package
Unity package
Unity package
Unity package
Programming software
Controller software
Engine

Unity package
Application

Integrated Development
Environment
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Appendix 3. TCP/IP detailed exchange of data

The TCP/IP communication is done by sending strings containing commands and data. The following

table comprises a detailed list of all the commands that were implemented, as well as an explanation

of the information that the server receives, the actions that are carried out, the answers of the server

to the client and an example of each command. Regarding the exchange of target data, they are sent

one after one because strings in Robot Studio have got a maximum size of 80 bytes.

Table 8. TCP/IP exchange of data.

Command

Client Connected

Go Home

Send Target

Number of
Targets

Target
Configuration

Joint Target

Server receives

Command
abbreviation

Command
abbreviation

Command
abbreviation
followed by the
position and
orientation in the

robot coordinates.

Decimals
separated with
points. Numbers

separated with ‘|’.

Command
abbreviation
followed by the
number of
targets.

Command
abbreviation
followed by the
type of the target,
the speed and the
zone. Data

separated with ‘|’.

Command
abbreviation
followed by the
number of the

Action

Connect the client

Both virtual robots
are moved to the
home position

Filter the data and
convert the string
to a target. Store
the target and
check the
reachability.

Update the
variable that
stores the number
of targets.

Update the
configuration data
of the target that
is being
computed.

Move the robot in
Robot Studio to
the indicated
target, get the

Server answers

“Received” if the
connection is
successful.

“In home” when
the movement is

finished.

“Received” if the
target is reachable.

“Not reachable” if
the target is not
reachable.

“Received” if the
update is
successful.

“Received” if the
update is
successful.

Joint values
separated with ‘|’
if the target is
reachable. If not,

Example

ttccﬂ

HGHH

“ST400(200.30| 100

lojof10”

“NT10”

“TCLinear|v50|fine”

”J T7n
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Start Simulation

Stop Simulation

Change
workobject

target the user
wants to visualize.
The number is
equivalent to its
position in the
path, knowing
that the first
targetisin the
position 1.

Command
abbreviation

Command
abbreviation

Command
abbreviation
followed by the
position of the
workobject.

current joint
values and send
them to the MR
robot.

Move the real
robot, read
current joint
values in real time
and send them to
Visual Studio to
move the MR
robot.

Stop simulation in
Unity and Robot
Studio

Updates the
position of the
workobject in
Robot Studio.

the server answers
“Reachability
problem”.

First, it answers
“Received”. Then,
the server starts
sending the
current joint
values and the
client receives
them with an
optimized TCP/IP
communication.

“Stopped”

“Updated”

IISSII

ustopn

“CwW400(200|4”
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Appendix 4. Unity and Robot Studio Scripts

The development of the application has been possible with the use of MRTK and Microsoft libraries,
and own scripts. The trivial movements of the objects, known as gameobjects, such as their
manipulation and intractability are already implemented in Unity. Some gameobjects are also
classified with different tags “WeldingPiece”, “Target” or “Menu”. With these sortment those
gameobjects can be accessed more easily in the scripts while the application is running. With a similar
method, gamobjects are also found by name but also adding them in edit mode when their position is
known.

As for the features like robot programming or the different selection menus, are programmed
manually with own scripts, as described as follows:

e DeployTargets. This script contains the constructor and destructor of the targets and manages
the states accessed through the Target Menu. It is a common script for all the targets. The
adding and destroying of all target’s functions are described here (Add Target button and
Delete All Targets button) whereas the destruction of selected targets (Delete Selected Target
button) The configuration of a selected target (Edit Target Configuration) and the
configuration of the path (Edit Path Configuration) are implemented in conjunction with the
TargetConfiguration script, as each target has its own properties. The Path Configuration and
Target Configuration submenus are created at the same time as a new target is, as each target
has its own submenus.

e ConfigurationMenuScript. This script is included on the Target Configuration Menu and on the
Path Configuration Menu. As they are dynamic menus, copied and created when a new target
is created, they share this common script to call the specific target configuration later,
TargetConfiguration. They implement the configuration of the position and rotation
automatically and numerically with the number pad. Also, they control the welding gun and
the activation or deactivation of the snapping function.

e myMainMenu. Implements some buttons of the Main Menu and the Robot Menu actions.
Contains the code for the QR recognition and sets the robot station on the proper QR code
frame. According to the Robot Menu, this script collects the target properties and sends them
to Robot Studio, establishing the TCP/IP connexion as well. In addition, receives the data back
from the robot controller in Robot Studio to move the virtual robot to the Home Position, the
Tool at Target and the play of the simulation. As the communication is made here, this script
also implements the reachability of the targets, changing the material of the target in case of
out of reach. Lastly, it presents the information to the user through the Info Cube screen. It
also allows the user to change the IP manually with a number pad.

e NumberPad. As the number pad has been created by adding pressable buttons, each of the
buttons call a function in this script. Then, when the enter is selected, the number introduced
will be shared with the myMainMenu for the IP change or to TargetConfiguration when
entering manual position or rotation.

e PathLineRenderer. Contains the implementation of the Show Path button of the Target Menu.
Creates the line renderer and converts the actual targets as points for the line to follow.
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PieceConfiguration. Saves the home position of the welding piece and, when called by the
SelectPieces script, moves the piece to the said home position. It is owned by each welding
piece.

SelectPieces. Implementation of the Piece Selection Menu. Collects the weld pieces and shows
and hides them accordingly to the menu buttons. This script also contains the function button
Welding Piece Home button from the main menu, connected to the PieceConfiguration script
as well.

Robot Studio TaskSocket. A script in Robot Studio developed in RAPID to establish the socket
communication with Unity. It manages all commands for the exchange of data and tells the
virtual robot when to move.

Robot Studio TaskRobot. It is an independent task that moves the robot according to the
commands from TaskSocket.

TargetConfiguration. Defines the target type, zone and speed values but also pursues the
proper action when the target is touched; destroyed or configurated. It is unique to each
target. It also contains the actions of the Path Configuration submenu (from button Edit Path
Configuration on the Target Menu) and of the Target Configuration submenu (from button Edit
Target Configuration on the Target Menu). From this script the selected target is rotated, with
or without tool manually but also numerically with the number pad.

Tutorial. Script for the tutorial, that displays the new instruction text and allow the user to go
back and forth. If the instructions want to be changed, it is needed to access this script and
rewrite here.

VolumekElasticsSystem. This script belongs to the Microsoft MRTK library, specifically to the
experimental Elastics function of the Interactable component. This script has been modified
to retrieve the mesh of each welding piece to convert the vertices to snapping points. Those
points would be converted to the world coordinate system for the target to get attached to.
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Appendix 5. Detailed results of the survey

The following graphics show in detail the results of the conducted survey to test the user experience.

The total number of answers was 15.

Age
& @ <13

® 18-25
© 26-35
® 36-45
@® 46-55
@® 56-65
® =65

Figure 41. Graphic showing the age.

Study/Work field

@ Industrial / Robotics
Engineering

@ Production Engineering

@ Design Engineering

‘ @ Mechanical Engineering

@ Electrical / Electronic
Engineering

@ Other (Engineering)

@ Other (Non Engineering)

Figure 42. Graphic showing the study or work field.
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Was it your first-time using HoloLens or another MR device?

® Yes

® Ycs, but | have used a VR or
AR device before.

@ No

Figure 43. Graphic showing if it was the first time using the HoloLens or another MR device.

How intuitive was the application?

15
10 11 (73,3 %)
5
0(0 %) 0 (0 %) 2 (13,3 %) 2 (13,3 %)
0 | |
1 2 3 4 5
Complex Very intuitive

Figure 44. Graphic about how intuitive the application was.

Were the motions comfortable? (wearing the glasses, interacting with the
buttons, objects...)

15
13 (86,7 %)

10

5

0 (0 %) 0 (0 %) 0 (0 %) 2 (13,3 %)
0 | | |
1 2 3 4 5
Uncomfortable Comfortable

Figure 45. Graphic about if the glasses were comfortable.
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How easy was working with the application? (buttons, moving, objects...)

6 (40 %)
5 (33,3 %)

4 4 (26,7 %)

2

0 (0 %) 0 (0 %)
0 | |
1 2 3 4 5
Difficult Easy

Figure 46. Graphics about how easy was working with the application.

How easy was understanding the application? (functionality, procedures...)

15
10 11 (73,3 %)
5
1(6,7 %
0 (0 %) ( | g 0 (0 %) 3(20%)
0 | I
1 2 3 4 5
Difficult Easy

Figure 47. Graphics about how easy was understanding the functionalities of the application.

Were you able to program a path? (adding more than 1 target)

® Yes
® No

Figure 48. Graphics about if it was possible to program a path.
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Do you think this application could be implemented in the industry?

15
10
5
0 (0 %) 0 (0 %) 0 (0 %)
0 | | |
1 2 3 4 5
Low applicability High applicability

Figure 49. Graphics about if the application could be implemented in the industry.
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Appendix 6. Videos

Through the following link, it is possible to find a video demonstrating the whole process of creating
a path, configurating the targets and exporting the code to the real robot.

Mixed Reality for robot programming:

https://youtu.be/dbKnTSKSgVO0

The next link directs to a You Tube channel where it is possible to find more videos about the
application developed in this thesis.

Mixed Reality demos:

https://www.youtube.com/channel/UCImOY7fmdW5Pm4qg2fcEKauw
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https://youtu.be/dbKnTSKSqV0
https://www.youtube.com/channel/UCJmOY7fmdW5Pm4q2fcEKauw
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