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Abstract

Industries are becoming more and more demanding with new technology and trying to improve the
productivity of their lines by adding technological methods and thus obtaining greater flexibility and
time savings. One of these methods is to train their workers with the new augmented reality
technology, which saves training time since the user can learn independently by following the steps
indicated on the device. Another method is to add robots to the production line to carry out those
tasks that are supposed to be repetitive and tiring for humans. To squeeze more and get the best out
of the robot and the human, companies choose to combine their virtues and put them working
together hand in hand as a human-robot collaboration.

In this project, the demonstrator includes an assembly car process realized in a human-robot
collaboration system, where the human and the collaborative robot communicate through an
augmented reality device, Hololens2. This demonstrator might be used for user experience studies to
evaluate if the human can realize an assembly process following the instructions in a head-mounted
device without previous experience and collaborate with a robot.

Keywords: Augmented Reality, Assembly process, Human-Robot Collaboration, Internet of Things.



Certification

This thesis has been submitted by Najwa Yattou Belkhrouf to the University of Skdvde as a requirement
for the degree of Bachelor of Science in Production Engineering.

The undersigned certifies that all the material in this thesis that is not my own has been properly
acknowledged using accepted referencing practices and, further, that the thesis includes no material
for which | have previously received academic credit.

Najwa Yattou Belkhrouf

Skévde 2022-06-03
School of Engineering Science

ii



Acknowledgements

I would like to thank for the support, motivation, and the help during the realization of this project, to
my supervisor My Andersson, and Victor Igelmo for help during the communication process.
Furthermore, | would like to thank Gonzalo Dimuro Duckwitz for our collaboration to complete this

project. Last but not least, all my family and friends for supporting me and believing in me.

Najwa Yattou Belkhrouf

Skévde 2022-06-03
School of Engineering Science

iii



Table of Contents

FAY 2 N I 2V Y O PP P PP PP PP PP PP PPPPPPPPPPPPPPPRt I
CERTIFICATION et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeasasaaaaasaaaaasaaasanananannnns 1]
ACKNOWLEDGEMENTS ...eeitiiiittitttttttttttttteteteteeeerereeeaererererereeeaeeeeereaeaeeeaaaeaesereaeaesenesesesesesenasenenesenenenenennns Il
LIST OF FIGURES ... s VI
LIST OF TABLES ... s VI
ABBREVIATIONS. ... eeeeeettttttttttttttettteiet et etetabebeeebababababsbabsbebasssasasssssssssasssssssssssssnsssssnsssssssnsssssnsssnsssnnnnnnnnnn VI
1 INTRODUCTION ..ceeiiiiiiiieteet ettt sttt ettt sbe e st st s bt e b e bt e s beesae e s ae e et e e beesbeesbeesaeesmnesareenreennes 1
1.1 2 F 1ol =04 o U T o DR 1
1.2 (o] o1 1Y e oW B LT Yol o] A o Yo VPSS 2
1.3 F N[ a Yo Yo l @] o =Tl 4 V7R 2
1.4 Extent and delimitations ........oceoieoiiiiiiieee et s 3
1.5 YT = g T ] o111 2V U 3
2 FRAME OF REFERENCES ...ttt ettt e e e e et e e e e e s e e e e e e s e s nmnneeeeeeas 5
2.1 COllaborative FODOLS ....coeieieiie ittt ettt esb e et e s b e snee e saree s 5
2.2 AUEMENTEA FEAIILY .eeiii it r e e et e e e s bt e e e e s sabeeeeesbeeeeennreeas 5
2.3 INEEINEL OF THINES c.uriiii e e e e e e ee e e s e e e e s bee e e esarreeeennreeas 6
2.4 L I LT a1 T o Lo o110} £ PP 6
2.5 R0 o] gl oA TgY =4 =Tel o o] oY -V USSR 6
2.6 Production and assembIy PrOCESS.......cccuiiiiiiciiieeiciee ettt re e e e rbee e s e ebee e e s sabaee e enreeas 7
3 IMETHODOLOGY ....cetittetee ettt e e ettt e e e e e ettt e e e e s s e s e aabe e eeeeeeeeaaannbeeeeeaeeeaaannbaeeeaeeeeaaannsraeeeeens 8
4 LITERATURE REVIEW ...ttt ettt ettt ettt ettt et e e e e e e e e e e e e e e e e e e e e s e s e e ee e e e s enenenenes 10
4.1 Human-Robot Collaboration ..........cccoiee ittt 10
4.2 AUEMENTEA REAIIEY .eeeiiiiiee et e e et e e e e te e e e e eaba e e e e abteeeesabaeeeenseeas 11
4.3 Industrial equipment and augmented reality cONNECtion ..........cccvveeeeciieeeeciiee e 13
4.4  Conclusions from lItErature FEVIEW ........c.eiiiiiiiiiiee ettt 14
5 IMPLEMENTATION ..ttt ettt e ettt e e e e e e ettt e e e e e s e s bbb eeeee e e e e nnreneeeeeeesannnnenenaeas 15
51 Demonstrator establiShMENnT ........cooiiiiiiiii e 15
5.2 Layout definition ......eei et e e e e ara e e e eanes 15
53 Assignment of roles for the human and the robot .........cccccveiiiiii e, 15
5.4 Guide for augmented reality and industrial equipment connection .........ccccceeevvveeeecieee e, 16

LT B0 R oo 1 VYoo o 1TSS 17

5.4.2  KePWare & ThINGWOIX .....ciiiiiiieiiiiiieeciiteeeecitteeesiieeeesteeesesataeesesataeesesnsaeeessnsseessnssseessanssneeans 17

5.4.3  UnNity & VisUAI STUAIO.....uiiiiieii et e e e e e e s e e e e e e e e e nnr e e e e e s 18

v



T 1 e U I 1 SRRSO 19

6.1 Development of the demMONStrator.......cuiii i 19
6.2 I Yo 1 N 19
6.3 (0 T o o T {=To o =L £ SRR 21
6.4 HUMaN @and robot taSKS .....co.eiiiieiieeeeee et st 22
6.5 (20e Yol dl oTdoT=4¢ 041 0411 o= USRSt 24
6.6 Augmented reality and robot communication........cccccveiiiiiiii i 25
7 DISCUSSION ...ttt ettt et e s bt s ae e et ee bt e bt e s bt e s bt e saeesabeeabe e b e e bt enbeesneesaeennneen 27
8 CONGCLUSIONS ...ttt ettt ettt e b e s a e sttt b e bt e s b e sbe e sae e et e et e e b e e sbeesaeesaneembeenneennes 28
8.1 (0] o [Tt 4 AV LT ol 11177 =Tc PP PR 28
8.2 FUBUNE WOTK ..ttt ettt ettt ettt ettt e e sa e s bt e e sab e e sabeesabeeesabeeeabbeesnbeesabaeesaneens 29
REFERENQCES .. s ssnnnan 30
APPENDICES.....ceetettttttttttttttttteetteeeteeataeabaaaeaeaeasasasaaasssasaesbssssssssassssssssssssssssssssssssssssssssssssssssssssssssssssssnnnnnan 33
Appendix 1: Design in Unity and connect with TRINGWOIX ......ccccvviiiiiiiiiiiiiiiiecccree e 33
Appendix 2: Create an application in HOIOIENS2 ........cuuviiiiiiiiiiciieece et 37
Appendix 3: Connect ThingWorx With KEPWAIre ......coocciiiiiiiiiieeciiee ettt saaee e 38



List of Figures

Figure 1: Sustainability by FOrget (2020)........iieciiiiiieciee e ecieeeeeeste e e e e sre e st e eraeesnteeereeesaeesnseeennas 3
Figure 2: Reality—virtuality continuum inspired by Carmigniani et al. (2010).......ccccceeeveiveeeicrveeeecineeenn. 5
Figure 3: Example of Snap-Fit Joint, (Smlease Design, 2020).......cccecveeecirerireesiieeeireesieeereeeeseeesseeenenas 6
Figure 4: Methodology (Grahlmann et al., 2009)........ccueiiiiiicie et s 8
Figure 5: System general archit@CUIE ........ocuviiiiiciiie e e e e abae e e 13
Figure 6: Car pieces plan (Dimuro DUCkWitz, 2022). ......ccccieeiiieiiie e e eee e sre e see e vae e sree e 16
Figure 7: Data transfer SCHEME. c.....uiii e e e s ee e e e nareeas 17
Figure 8: General layout for the assembly ProCess. .........eveviieieicciiie e e 19
Figure 9: Fastening system( Dimuro DUCkWitz, 2022). .......c.cooviieiiiiieiieecee et vae e s 20
Figure 10: Worktable, physical IayOUL. .......coocuiiiiiiiiiee e 20
Figure 11: Panel view in the [QYOUL. ......c.eiiiieiee et e e e e e e e e e e e e aneeas 20
Figure 12: Car Printed PIECES. ..uiiiiiiieiiiiiiie ettt ettt e e et e e e s te e e e be e e e s bbaeeessbaeeesssaaessssseeesennsenas 21
Figure 13: Predecessor diagram. ... i eciiee ettt e et e e e ae e e s st bee e e s abae e e s sbeaeessbeeesenarenas 21
T WO 7 R XYY Y o] (=T N of- | SRR 22
Figure 15: Assembly process WOIKIOW. ......cccuiiiiiiiiiiiiiie e e 23
Figure 16: RODOt FIOWCHAIt........oiiiieeece e e e s e e e s ee e s e sabeeas 24
Figure 17: Instructions panel designed in UNity........cccocuiiiieiiiiii et 25
Figure 18: Connection between THX and Unity, CH file. ......cccveeiiiiiiiiiie e, 26
Figure 19: Addresses used for Modbus in KEPWAre..........eviviiiiiiiiiieecciiee e 26
Figure 20: Package to download from IMRTK ........cuuiiiiiiiiiicciee et e e e e e 33
Figure 21: Add Mixed reality tO SCENE......uiii ittt e s e e e s sabee e e s ereeas 34
FIZUIE 22: THXCIASSES SCHIPT c.uuviiiieitiieeeeiiieeeeetie e e ettt e e e etreeeesbreeeesbteeeeeasaeesanssaeaeesbaeeeensasasennseneeennsenns 34
Figure 23: BUTTON STAteS SCIPT ..uuueuiiiiiii b aaae e e aaaaanannnanes 35
Figure 24: Drag and drop file. ..ttt e ree e st e e et e e e a e e e e araeas 35
Figure 25: Drag and drop, TOZEIE FECEIVET ........eiiccueieeeceee ettt e et e e tee e e e eabee e e e abee e e e areee e eareeas 36
FIBUIE 26: EVENT PrOPEITIES .. et a b e e asassaasnsaansnnnnannnnnes 36
Figure 27: Universal Windows Platform........cc.uei ittt 37

List of Tables

Table 1: Type of processes and layouts inspired by (Dennis, 2017). ....cccoceeciierieeecieeciee e e 7
Table 2: Tasks divided between the human and the robot. .........cccovvvviiiiiiiiiii e 23
Table 3:1/0 List of the signals between HMD and robot. ..........oovvieeiieiiieeiee e 25


file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027985
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027986
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027987
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027988
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027989
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027990
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027991
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027992
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027993
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027994
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027995
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027996
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027997
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027998
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106027999
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028000
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028001
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028002
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028003
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028004
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028005
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028006
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028007
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028008
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028009
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028010
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028011
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028013
file:///C:/Users/najwa/OneDrive/Escritorio/FINAL_TFG.docx%23_Toc106028014

Abbreviations

AR
ARSG
AV
HMD
HMI

HRC

1/0
loT
MRTK
THX
TCP

UR5

Augmented Reality
Augmented Reality Smart Glasses
Augmented Virtuality
Head-Mounted Display
Human-Machine Interface
Human-Robot Collaboration
Industrial Equipment

Inputs and Outputs

Internet of Things

Mixed Reality Toolkit
Thingworx

Transmission Control Protocol

Universal Robot 5

vii






1 Introduction

This section describes the main problem that motivates the project, with a background review to
understand where the thesis is situated. Finally, aim, objectives, and delimitations conclude this
chapter.

1.1 Background

The industry has gone through different stages. It is currently in its fourth revolution. Industry 4.0 has
been detected with the appearance of technologies in manufacturing processes (Espinoza Pérez et al.,
2022). The arrival of this technology has posed a risk for workers in society. As industries want to enter
the new industrial revolution, they automate their production lines with new technologies such as
robots, artificial intelligence, or the Internet of Things (IoT) (Mora Sanchez, 2019).

Instead, some industries have attempted to create fully automated lines, but this strategy has not been
entirely successful. For this, the proposed solution is to carry out hybrid industries with a combination
of humans and automation. With this, it is achieved that humans continue to be part of these industries
but with other functions at work, and companies can persist in automating their industries. (Nelles et
al. 2016)

The manufacturing area is growing with a combination between collaborative robots and humans.
Both have advantages and disadvantages, but they obtain satisfactory results in terms of flexibility,
dynamics, and efficiency by joining them. Moreover, the user shares the workspace with the
collaborative robot to facilitate with non-ergonomic, repetitive, uncomfortable, or even dangerous
operations. (Vysocky & Novak, 2016)

In addition, the emergence of collaborative robots working with humans in assembly further fuels the
demand. The impact of the pandemic Covid-19 has dealt a heavy blow to manufacturers around the
world. As a result, factories and other workspaces have highlighted the need to protect workers' health
and safety. This need makes industries demand collaborative robots that can let them not stop their
production and have a safe and healthy work environment for humans. (Pang et al., 2021)

All this can be seen reflected in car industries worldwide, where robots are highly implemented with
excellent results and few years now. Enterprises such as Volvo or Hyundai are investing much money
in the development of Augmented Reality (AR) technology that can be useful in their different areas
as manufacturing, selling, design and client assistance. (Lopez, 2019)



1.2 Problem Description

Robot’s implementation supposes an extra factor of danger in factory environments that is fixed by
introducing industrial robots in cells with a Human-Machine Interface (HMI) panel to control them
outside the cell when heavy machinery is used. However, collaborative robots may let the user be
exposed and in danger, so adding a system that can let the human has control over the robot during
the process will reduce the danger level. AR represents a potential solution in cases like this as it is
portable and easier to program and include safety aspects for the user's sake. In addition, each person
has a different way of understanding and learning, so AR is a solution to let people feel free in their
working process (Lee, 2012).

As the market is growing and there is more variety of products, the industries would like to increase
the number of robots in their production lines to achieve flexibility. However, manual processes with
repetitive tasks can be non-ergonomic and tiring for people, which causes fatigue. The most promising
solution to solve that is by adding a robot to the process that can collaborate with humans. (Li et al.,
2019)

Product variation will probably let the workers face different ways of working for each product. This
makes industries search for workers with the ability to learn different operations simultaneously.
Therefore, a demonstrator that can guide people during a process without previous knowledge could
be used to test people and evaluate their capacity to follow assembly instructions and work with a
collaborative robot. (Danielsson et al., 2017)

1.3 Aim and Objectives

The main aim of this thesis is to develop an experimental demonstrator utilizing collaborative robots
and AR, that can be used for the evaluation of user experiences. The main objective is reached once
demonstrator is built and working as a proof-of-concept. In order to achieve this objective, there are
some necessary sub-objectives:

1. Create a demonstrator that includes an assembly process between a collaborative robot and
a human using a head-mounted AR device.

2. Specify the assembly process for Human-Robot Collaboration (HRC), and divide the tasks
between the human and the robot.

3. Design and implement the AR interface.
Establish communication between the human and the robot using AR and loT.

5. Document the connection process between AR and the robot for the demonstrator.



1.4 Extent and delimitations

This project aims to create a demonstrator for future user experience studies to evaluate the human
behaviors working in an environment using different technologies and collaborating with a
collaborative robot. The demonstrator does not include a camera to identify the position of the pieces.
Instead, the position will be marked with a tape, and the robot used, Universal Robot 5 (UR5), will be
programmed with the different coordinates of each position.

One delimitation in this project is the evaluation of user experiences. People will test the demonstrator
to ensure that it works but not to realize a study. Another delimitation is the security aspects
considered in this thesis. There will be just emergency stop buttons, safety distance, and robot speed
control. Furthermore, this project does not implement safety planes to restrict the robot to come close
to the human.

1.5 Sustainability

Sustainability refers to satisfying human necessities without hurting others' future needs. So it just not
refers to the nature and the ecological view but also considers how it will affect the social and
economic resources (Forget, 2020). In Figure 1, Forget (2020) defines sustainability as three spheres,
where the social one is about how the society is improving in terms of education, equality, and growth.
Instead, the environmental sphere refers to making new projects and ideas that prevent pollution and
save energy and natural resources. Furthermore, the economic sphere is the economic growth and
cost-saving for society.

Economic-Social
Business Ethics
Fair trade
Worker's rights

Social Economic
Standard of Living Profit
Education Cost Saving

Community Economic Growth

Equal Opportunity

/ |

rd ustainability

Social-Environmental \ Environmental Environmental-Economic
Environmental Justice ' Use of Natural Resource | Energy Efficiency
Natural resource stewardship, Pollution Prevention ’// Use of Natural Resources
locally and globally Environmental Management

Three spheres of Sustainability

Figure 1: Sustainability by Forget (2020).



The challenge in the environmental sphere is that the quantity of wastewater, carbon dioxide, land
reclamation, and other wastes are not easy to calculate. Hence, Nujoom et al. (2019) stated that
industries must focus on reducing the emission leading to the pollution of the environment. Although
the processes require less time and labor with advances such as collaborative robots and AR. The
decrease in human work hours brings a significant increase in the total hours of use of machinery and
an inconsiderate increase in energy consumption in the industry.

It is becoming necessary to consider the economic and societal manufacturing aspects along with the
economic ones (Gbededo et al., 2018). Kamble et al. (2018) said that the manufacturing sector has a
significant role in the world's economy, so introducing technologies such as AR might reduce the
necessity of adding trainers which causes more waste of money and time. A single person can also
work in different stations without having much experience. Another technology, 10T, has also
supported the manufacturing, healthcare, and service sectors (Seuring et al.,, 2019). These
technologies are under Industry 4.0, the next generation of the industrial revolution. Adding robots to
manufacturing processes can reduce the tasks considered non-ergonomics and tiring for the human,
letting the user takes care of the activities that require the ability to think. According to Beekaroo et
al. (2019), many organizations struggle to achieve sustainability due to ignorance of the societal
aspects. Therefore, it is necessary to get the best human-machine-material interaction to achieve
sustainability in manufacturing industries (Garbie, 2017).



2 Frame of references

This section defines all the keywords that represent the project theoretically. The main aspects of this
project are: Collaborative robots, AR, loT, assembly process, joints, and 3D printer for the design of the
product to be assembled.

2.1 Collaborative robots

The word robot refers to a machine that can realize an activity by itself (Gunnar Bolmsjo, 1992). The
international organization for standardization (ISO) asserts that a robot has to be easy to program
without changing machine components. In addition, memory and logic are necessary for the machine
to work independently and automatically and count on a structure that allows it to have enough
degrees of freedom. Industrial robots are highly demanded at factories nowadays, as they help
automate their lines and humans work simultaneously with them. However, this way of working has
high security, with fences to separate the robot space from workers. So, the idea of collaborative
robots is to work side-by-side with humans as teammates, where the person is responsible only for
activities that require the ability to think. (Zbigniew et al., 2019)

The term collaborative robots refer to "collaborating” or assisting a user in some activities, such as
industrial or medical tasks. There are other ways to refer to the collaborative robot as "cobot" or "co-
robot" which are diminutive words of the principal one.There are different levels of collaboration
measured by two factors, the level of safety requirements and collaboration, as Aaltonen et al. (2018)
define. Those levels are Coexisting, Synchronization, Cooperation, and collaboration from the lower to
the top. The level of this thesis is the highest one, HRC as the worker and the robot share the same
workspace and workpiece.

2.2 Augmented reality

Wang et al. (2016) defined the concept of AR as the embedding of virtual learning into a physical
context. This is a way to "augment" the visualization of the real world, adding virtual computer-
generated information to it. Therefore, it is necessary to highlight the difference between AR and
Augmented Virtuality (AV). As is shown in Figure 2, AR has more real-world environments than AV. The
purpose of AR is to make the work easier for the user by having an update of data in real time, as a live
video stream. AR enhances the user’s perception of and interaction with the real world. (Carmigniani
et al., 2010)

Real
Environment / N\

Augmented
Reality

Mixed
Reality

Augmented
Virtuality

>

Virtual
Environment

Figure 2: Reality—virtuality continuum inspired by Carmigniani et al. (2010).



2.3 Internet of Things

10T is the new revelation of technology as it is a network that can connect "things" by the internet and
exchange data constantly. Nowadays, technology has advanced by significant domains, and one of
those steps is loT. It is helpful in different domains, medical, manufacturing, industrial, transportation,
education, and many more. (Madakam et al., 2015)

An example of this concept is a smart home, where all electronic devices, like alarms or lights, are
connected to a smartphone, and a user can control them as wanted. These things can be connected
by a gateway that transfers all the data to the cloud through WiFi or Bluetooth. There are two types of
devices in the world of loT:

e General devices: These are the main components of the data hub and information exchange
which are connected by wireless interfaces.
e Sensing devices: Sensors can measure humidity, temperature, or light intensity.

2.4 Fasteners and joints

Snap-Fit joints, Figure 3, are flexible joints since they can be adapted to almost any shape, although
they do not have high mechanical resistance and it is usually very conditioned by the direction and
sense of the force applied. They are widely used in plastics since they are cheap and have speedy
execution. Depending on the design, they can indeed be removed, but it can be complicated without
breaking them. They are usually used in large-scale parts due to their geometric complexity, but
nowadays, they are being used more and more for smaller 3D printed parts. (Amaya et al., 2019)

Disengaged Engaged
Position Position

Figure 3: Example of Snap-Fit Joint, (Smlease Design, 2020).

2.5 3D printing technology

Also known as Digital Fabrication technology or additive manufacturing, 3D printing is a manufacturing
technique based on successive addition of materials. It is highly versatile and can achieve almost any
shape previously designed in CAD. Although it is a technology with over 30 years patented by the
American Chuck Hall, the last 10 or 15 years have made it an essential value in the industry and
universities. In any case, its potential did not go unnoticed at that time. In the 1990s, two of the giants
of the automotive world, such as General Motors and Mercedes-Benz, began using their 3D printers
to build and test prototypes, saving them months of work. (Guillén, 2017)



There are several variants and methods of 3D printing, covering all kinds of materials such as
conventional thermoplastics, ceramics, graphene-based materials, and metal. There are different
kinds of 3D printers. The one used by the University of Skovde is the Ultimaker 3 extend 3D printer
(and its associated software Cura) that uses the Fused Deposition Modelling printing technique (FDM).
FDM is an extrusion procedure that builds parts layer-by-layer from the bottom to the top by heating
and extruding thermoplastic filament of a massive variety of colours. When FDM is used, it is essential
to design and create removable structures for the zones where the material can precipitate
(Shahrubudin et al., 2019).

2.6 Production and assembly process

An assembly process is defined as joining two or more pieces to form a superior set or subset.
Improving an assembly process in terms of efficiency and quality and saving time and money is
important to design a good plan for this kind of process. Nowadays, the most plans demanded by
industries are the Automated Assembly Process Planning (AAPP) which is responsible for reducing
human intervention. Most of the work is focused on automating or semi-automating the key
sequencing process. (Wang et al., 2008)

A production process encompasses both the assembly process and the rest of the transformations that
the raw material undergoes from the time it enters the company until the final product is made for
sale. Olhager & Wikner (2000) announced that “Design and planning of production systems include
production process and layout decisions. In general, it is necessary to arrange the equipment of the
production system as favorable as possible, taking into account the products to be manufactured and
the company's production strategy”. Both may require several successive operations where different
equipment, machines, and workers intervene, elaborating all production lines, from the simplest to
the most complex.

Process type Layout type

Single flow process Fixed position

) Functional layout
Intermittent process | .
Line based layout

Continuous process | Line based layout

Table 1: Type of processes and layouts inspired by (Dennis, 2017).

In Table 1, there are three kinds of process type with different layout plans. A single flow process
requires a fixed position layout, which means that the worker is standing in one place working on the
process. A functional layout refers to different workstations, and the product flows from one station
to the other until the end of its production. Finally, line based layout is when the product flows in the
same line and goes through different steps. (Dennis, 2017)



3 Methodology

This project has different parts included. The first one is to create the communication between AR and
the robot, the second is to design an assembly process of a product, and finally, create an HRC system.
So for that, it is essential to define a research methodology to reach the project’s aim. A practical
project requires many steps to be followed and appropriately done without missing any detail.
Therefore, to approach the objective, it is required to define theoretically and analyze the whole
procedure considering all the factors that can influence each step. However, in practice, it is necessary
to know that those steps can be changed or adjusted, so it will be an iterative procedure of modifying
the theoretical part and trying them in a physical environment.

Oates (2006) defined a plan called “design and creation” to produce an artifact with many components.
It consists of following the steps in Figure 5 to achieve the objectives of the project. This is an iterative
process where the next step can not be performed until the previous one is finished. If the result
obtained is not the desired one, it is possible to repeat the process. (Grahlmann et al., 2009).

Knowledge Process Outputs
Flows Steps
P A Dbl VT o T T T |
— Awareness of Problem ! Proposal |
|
l | :
| |
- I - - l
Suggestion | Tentative design |
Circumscription l
A
Development Artifact
Evaluation Performance measures
Operation and
Goal Knowledge
t Conclusion Results

Figure 4: Methodology (Grahlmann et al., 2009)

The process consists of five steps, where each of them gives, as a result, an output. The first step is
awareness of the problem. It is recommended to use the Keep it simple (KISS) principle, which states
that most works can be reduced to the simplest ones and solved separately to settle the biggest one.
Complex problems should be avoided in favor of simplicity in the engineering field. (Di Marco et al.,
2018)



The next step is to suggest solutions to solve the problems proposed. Then, after the research is done
on the different possibilities and ideas, a tentative design is realized to see if it is possible to apply the
ideas in the project. Once all the tentative ideas are stated and confirmed to be helpful in solving the
problem, it is time to develop them. The development step consists of implementing the idea in a real
case and evaluating its functionality. Evaluation, which is the next step, means analyzing the results
obtained in the artifact built before and if it accomplishes the requirements to create the platform for
the user experience. Finally, a conclusion must be made to describe the results obtained and explain
the advantages and disadvantages from a sustainability point of view, including future work.

To collect information, a comprehensive literature review will be realized. Starting with books about
subjects involved in the project extended to many articles and papers available in different databases
provided by the library department of Skévde University and explicitly recommended for scientific and
engineering reports such as Academic Search Premier, ACM Digital Library, and Arbline. In addition,
search engines like Academic Google are always the quickest way to find and contrast definitions of
any area.



4 Literature Review

Research on the matters that involve this thesis is necessary to complete this project. Therefore,
different scientific papers are analyzed and discussed for each project's objective. Furthermore,
different methods of creating an HRC system are explained and how to connect industrial equipment
with an AR device. Finally, a conclusion closes this section by explaining the aspects of the research
that will be used to satisfy the project's aim.

4.1 Human-Robot Collaboration

A structured methodology for the design of a human-robot collaborative assembly
workplace (Mateus et al., 2019)

This paper describes different steps to follow to design an assembly process for an HRC system. Mateus
et al. (2019) affirm that adding collaborative robots could bring more flexibility to the process, and the
human can work comfortably, reducing the non-ergonomic tasks.

The first step is to extract information from CAD files about the product. This information is necessary
to understand how the parts can be assembled and what order they should be joined. This phase
benefits in creating the workspace, the interaction between the human and the robot, and planning
the process. The second step is to create the assembly instructions from the previously collected
information. This step will identify the more minor details and the requirements to assemble the
product. The third step will recognize the robot’s and the human'’s abilities to realize the process. This
step is divided into two sub-steps: the first one identifies the ergonomic aspects of each task, and the
second the robot’s capabilities. A map will be designed to identify the robot’s tasks and the
collaborative ones. Finally, the fourth step is to verify safety aspects regarding the map designed
before. The assembly process for an HRC system can be designed considering reducing production time
and non-ergonomic tasks.

Human-Robot collaboration on an assembly station with the ability to work reverse
(Andersson, 2020)

Andersson (2020) proposed a process to create a demonstrator. First, once the problem is recognized,
it is necessary to suggest a strategy identifying which equipment and widgets are necessary for the
demonstrator. Then, for its realization Andersson (2020) recommends to following five main steps:

1. Create a layout: Identify the different aspects and components involved in the assembly
process. Next, create a workspace where the process takes place and define how the
procedure is going to be.

2. Workflow: Once the assembly process is defined, create a workflow by dividing the tasks
between humans and robots. Identify the capacities of each one and which are the tasks that
can be realized in collaboration.

3. Configurations: Before any robot’s movement, the robot must be configurated to work
correctly and under the safety line. For example, configure the TCP and the speed of the robot.

4. Programming: Finally, when the workflow is defined, it is time to design a robot flowchart to
realize the programming for the assembly process.
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The division of tasks between the robot and the human is a crucial step to improving the robot's
utilization and making the human work comfortable. The human will perform the tasks that require
accuracy and finesse and the robot the repetitive, monotonous, and non-ergonomic activities are
assigned. A highlight of this project is that adding a collaborative robot in the assembly and disassembly
process has increased the ergonomic factor. This has been reached by adding the hand-guided mode,
achieving high flexibility and quality in the process.

Refining levels of collaboration to support the design and evaluation of human-robot
interaction in the manufacturing industry (Aaltonen et al., 2018)

Aaltonen et al. (2018) have classified collaboration into four different levels. Collaboration does not
have a measurable factor that estimates the quantity of collaboration during a process. Therefore, the
authors have taken into consideration different factors to ensure a precise classification:

e No coexistence: The human and the robot do not share workspace. For example, a workspace
where the robot is separated into a cell.

e Coexistence: Contrary to the previous point, the robot, and the human share the same
workspace but with different goals.

e Cooperation: Refers to cooperation between the human and the robot where they share
workspace with a common goal. There is a different task for each one.

e Collaboration: This is similar to cooperation, but they work simultaneously on a shared object
and in the same space.

Coexistence and cooperation might be the same on the safety level but are different for the work
process. The higher level is collaboration, as the human’s tasks depend on the robot’s activities, and
matters such as synchronization and motion legibility become more influential.

4.2 Augmented Reality

Augmented Reality smart glasses for industrial assembly operators: a meta-analysis and
categorization (Danielsson et al., 2020)

This meta-analysis proposes three perspectives, which are explained with subcategories, to better
understand the steps to be followed for adding ARSG to the process from different perspectives:
operators, manufacturing engineering, and technological maturity. (Danielsson et al., 2020)

1. Operators

e Assembly instructions: This is the primary purpose of ARSG, which lets the worker understand
the steps to follow to complete the activity.

e Human factors: Safety is essential for the operator as the ergonomics, and it is necessary to
take it into account at the same level as the assembly instructions.

e Design: A good design of the instructions interface has to be done to allow the operator to
work without hiding the process outside the glasses.

e Validation: This process is to validate that the design was done as needed and the purpose of
having ARSG on the process is fulfilled.
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e Support & Training: The goal of adding ARSG to the assembly process is to support the worker
during the whole process and train an operator on more complex tasks.

2. Manufacturing engineering

e Authoring: It is necessary to create an efficient and intuitive interface using authoring tools
for the instructions interface.

e Infrastructure: This category specifies the limitations and possibilities that manufacturing sets
on ARSG.

e Validation: Validates the authoring that is done and the infrastructure demanded are in
harmony.

3. Technological maturity

e Enabling technology: It defines the technology that will let the ARSG and the interface be
created.

e Technological demands: This category follows the enabling technology, where it considers the
technology related to ARSG that satisfies the market demand as far as price and weight are
concerned.

¢ Head-Mounted Device (HMD): ARSG is classified in this category.

e Tracking: It can identify AR content in the real world.

Assesing instructions in augmented reality for Human-Robot collaborative assembly by
using demonstrators (Danielsson et al., 2017)

This paper describes a demonstrator where the AR is a part of an HRC that has developed an assembly
and disassembly process for a car model. This demonstrator allows people to interact with the idea
and have their own opinion and experience, so creating a demonstrator is an option to do user analysis
and see the impact on society in a globalized mode (Danielsson et al., 2017).

The assembly process has been modified by printing the pieces with a 3D printer with different kinds
of joints, at first the car was made of wood pieces and the tasks for the human were easy to elaborate,
once the car pieces changed the process earned more complexity for the user. This project has created
a table with the different steps for the assembly process measuring the level of collaboration in each
task, as direct, indirect, or no collaboration. On the other hand, an AR interface was created, using the
game engine Unity, of the assembly instructions for the user. In this case, the device used for AR is an
Android tablet, which will allow the communication between the user and the robot.

This paper aims to confirm if the demonstrator can simulate an HRC process and if the AR is a good
complement for the worker to perform the assembly process. The answer to this is that the addition
of AR to the demonstrator is a success as the user without a previous experience can realize the activity
just by following the instructions independently. The conclusion is that even though the complexity of
the process is high, the instructions must be clear and intuitive.
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4.3 Industrial equipment and augmented reality
connection

Cloud-based monitor and control of industrial robots (Biain Galdos & Ordoki Oiarbide, 2021)

In this project, the authors proposed to use a cloud in different ways to exchange data from a device
to industrial equipment. Biain Galdos & Ordoki Oiarbide (2021) proposed to use some software and
platforms with different roles to get the final objective, as is schematized in Figure 4. For sending the
data from a device to, in this case, a collaborative robot, some steps must be followed:

e First, use a virtual model software to create a virtual platform in devices like Hololens or
smartphones.

e In this case, the loT will be used for the exchange of data. For that, the cloud platform called
Thingworx is in charge of storing the information in the cloud and sending it to different things.

e For transferring the data to an industrial environment, it is necessary to follow some industrial
protocols. Use Kepware, an industrial gateway, which is in charge of sending the data from
Thingworx (THX) to the robot using MODBUS or OP CUA, among others.

VISUAL 2 ( | :
COMPONENTS SIMUMATIK
L

O

Figure 5: System general architecture
(Biain Galdos & Ordoki Oiarbide, 2021).
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4.4 Conclusions from literature review

The project aims to create a demonstrator. Andersson (2020) suggested following some steps that will
be considered. This demonstrator includes an HRC system, and it is necessary to classify this system
and know which level of collaboration is wanted in the demonstrator, as Aaltonen et al. (2018) suggest.
Also, to design the workplace and the assembly process, the method recommended by Mateus et al.
(2019) might be helpful.

The next component of the demonstrator is the communication between an HMD and industrial
equipment. The system architecture designed by Biain Galdos & Ordoki Oiarbide (2021) has been
helpful for this project, as they sent data from software to industrial equipment. So, this idea has been
adapted for this project to connect Hololens2 with a collaborative robot. The demonstrator created is
used for user experience studies. Danielsson et al. (2017) describe some aspects to consider to
designing a demonstrator that lets analyze the human behavior and capacities during an assembly
process in an HRC system following the instruction in an HMD. Furthermore, Danielsson et al. (2020)
explain how adding an AR device can affect different perspectives. Also, to improve flexibility and
performance in the system, it is necessary to have an easy and intuitive demonstrator.
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5 Implementation

In this section, the challenge is establishing a demonstrator with different components. It will apply
the KISS principle and divide the realization of the demonstrator into different and minor steps. The
first step is defining the phases to create the demonstrator and then designing the process layout. The
next step is to divide the tasks between the robot and the human. Finally, communicate the industrial
equipment with an AR device.

5.1 Demonstrator establishment

The demonstrator includes an assembly process of a small car with different pieces to be joined. It is
necessary to have the pieces with a joint system to fit and assemble all the parts. In addition, this
demonstrator is created to perform user experience studies, so it is essential for the user to feel safe
and comfortable during the process. As a robot is involved, there are security issues to consider, such
as emergency buttons, the position of the human according to the robot, and the robot's speed,
among others.

Once the robot programming, connection with hololens2, and the assembly car process, realized by
the human and the robot are done, the demonstrator will be finalized. It is necessary to know all
equipment available, as many are expensive and difficult to find. For example, the car parts have been
printed using a 3D printer.

5.2 Layout definition

In this case, the assembly process corresponds to a single flow process, where the layout must be done
in a fixed position, which means placing each component in an exact location, considering safety
aspects. Moreover, to design the layout it is recommended to question the aspect needed and wanted
for the process. In this project, some questions will be answered to obtain good results:

e What s the process to be done?

e Who isinvolved in this process?

e Which are the necessary tools to do the assembly process?
e How are safety aspects being considered?

e Why is this one the best option?

5.3 Assignment of roles for the human and the robot

The assignment of tasks must be done depending on the car pieces and if the robot has enough
precision due to the small car parts. So, in this case, it is necessary first to identify the pieces of the car
and the steps required to assemble them, which can be seen in the detailed drawing in Figure 6. The
four main activities for the collaboration are:

e The robot can perform an activity by itself.

e The human realizes a task alone.

e The robot brings some pieces to the human.

e The robot and the human collaborate to assemble a piece.
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To assign the activities for each one, the tasks that require more precision and are more difficult to
assemble for the robot and assign them to the human. The tasks mainly consist of bringing the pieces
close to the human. The rest can be assigned to the human or assembled in collaboration with the

robot.

22 |[S® Despiece
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Figure 6: Car pieces plan (Dimuro Duckwitz, 2022).

5.4 Guide for augmented reality and industrial equipment
connection

The connection between two devices can be made in different ways. In this case, the demonstrator

includes the AR device, Hololens2, and industrial equipment, the collaborative robot UR5. The

communication is done using different software, and each has its purpose in transferring data. The

general data transfer scheme of this connection is shown in Figure 7. To get connection from the

collaborative robot to the HMD the steps to follow are:

1.

Program the movements and the targets of the robot in Polyscope, Universal Robots
visual programming interface, and define the 1/0O list in Modbus.

Connect the robot with Kepware using Modbus for each variable with its address.
Create the Industrial connector to link Kepware with THX.

Create an Industrial thing from the Industrial connector to transfer data from Unity to
THX.

Design a panel in Unity with the corresponding C# scripts for the connection with THX.
Create an application of the panel design for the Hololens2 using Visual Studio.

Therefore, an example of the data flow is if a user presses the Dolob1 button to move the robot. The

button will be pressed in the Hololens2, and the variable DoJob1 will turn true in THX, which will send

the state of the variable to Kepware. Then, Kepware will translate this information for industrial

equipment and send it via Modbus to the collaborative robot. Moreover, the same happens the other

way around, from the collaborative robot to hololens2.
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Figure 7: Data transfer scheme.

5.4.1 Polyscope

Polyscope is an intuitive platform developed and designed by Universal Robots to program their
robots. In this demonstrator, Polyscope is the interface in a UR5 teach pendant. Once the layout and
the robot tasks are defined, the robot’s programming can be initialized. To create the code, the
different positions and targets will be created and saved. Also, the robot's movements depend on the
buttons pressed by the user, so inputs and outputs must be included in the code to generate the
dependence of the robot on the human. For example, if there is a button called DolJobl, which is a
boolean, the robot will do nothing until the input Dolob1 is true (pressed). Then, when the robot
finishes the task, an output of Job1Done will be true, a message in the HMD appears to visualize that
the activity is done. Therefore, an I/0 list is created to have everything defined with its corresponding
name and address to use Modbus to transfer data from the robot to Kepware.

5.4.2 Kepware & Thingworx

Once the 1/0 list is defined, connect the HMD with the robot. For that, two steps must be followed,
the first one is to send information from the industrial equipment to the cloud, and the second one is
to connect the cloud with Unity; this cloud refers to THX.

Kepware is a platform that lets data exchange between the cloud and industrial equipment. This
connection can be made using different routes of communication, like Modbus, Ethernet, IP, Profinet,
or OPCUA. In this case, in Kepware the variables are defined and connected with the robot via Modbus,
to reach this connection is necessary to assign for each variable an address in Modbus, these addresses
can be found in Appendix 3: Connect THX with Kepware.
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Meanwhile, THX is an loT platform that lets connect different things using the Internet, in this case,
the robot and the Hololens2. In THX, an Industrial Connector, a model that permits connecting
Kepware with Thingworx and sharing the status of the inputs and outputs, will be created. Also, an
industrial thing, a model that enables the communication between the Hololens2 and THX, is needed.
Those steps can be found explained in detail in Appendix 3: Connect THX with Kepware.

5.4.3 Unity & Visual Studio

Unity is a cross-platform game engine with the purpose of creating 2D and 3D with or without virtual
experiences. It is mainly used for mobile game development and is an option for Virtual Reality (VR) or
AR, as in this project. This software has been used to create a platform that will let the user interact
with the robot. This panel will be seen through Hololens2, which the human will wear. To use Unity, in
this case, it is necessary to download a library called Mixed Reality Toolkit (MRTK), which has all the
options and material for the device used in the demonstrator.

Visual Studio is an integrated development environment used to edit, debug, and build code in C++ or
C# and then publish an application. In this project, C# will be the language used to create the required
codes. The panel contains a manual with steps to follow to do the assembly process and buttons, which
will be the communication with the robot. Apart from the design, it is necessary to create a code script
in Visual Studio to be able to send the state of the buttons to THX. This is explained in Appendix 1:
Design in Unity and connect with THX.

Once the panel is designed in Unity, it can be visualized in the HMD. For that, an application containing
the panel will be created in the Hololens2, so the app will always be available. To do that, Visual Studio
is the one in charge of transferring a Unity’s file into an application in the Hololens2. The steps to reach
that are explained in Appendix 2: Create an application in Hololens2.
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6 Results

This section shows the results obtained after implementing all the steps explained before. It is essential
to know that to realize a demonstrator in practice must follow the theory and try to obtain the results
wanted.

6.1 Development of the demonstrator

The demonstrator is an assembly process realized in an HRC environment using AR. To establish a
demonstrator, there are six main parts to take into account:

Design a layout for the demonstrator taking into account the materials included.
Defining the steps to assemble the product.

Establish the connection between HMD and robot.

Distribution of tasks for the robot and the human.

Program the robot with all the movements required to realize the assembly process.

ok wnNE

Consider safety aspects.

6.2 Layout

For designing the layout, it is necessary to answer the questions realized in the implementation
section. The layout is visualized in Figure 8. Then, it is possible to design the layout, satisfying the
required needs. The answers to the questions are:

e |tisan assembly process of a car with different parts.

e The components involved in this process are URS5, gripper, teach pendant with an emergency
button, human, Hololens2, car parts, fastening system, and work table.

e The collaborative robot is placed on the left upper corner of the work table, while the human
is standing 15 cm away from the opposite side of the table. The physical stop button is
positioned in the bottom right corner in front of the user and another virtual one is on the
panel in the bottom left corner.

. Car picces

Fastening system

o 7
w .

Figure 8: General layout for the assembly process.
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The fastening system is designed to support the car while the assembly process is taking place, Figure
9. The Hololens2’s panel does not take any physical space, but has to be in the user's visible space. The
car pieces are placed in an exact position as the robot has registered. Bringing this to reality using the
car parts printed, the workplace is visualized in Figure 10 and the panel in Figure 11.

Figure 9: Fastening system( Dimuro Duckwitz, 2022).

Figure 11: Panel view in the layout.
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6.3 Car printed parts

The product to be assembled in this process is a car. The parts have been 3D printed with Snap-Fit
joints to assemble one part with another. The car parts are visualized in Figure 12. The parts are named
as follows:

Chassis
Bodywork
Wheel

Tire

Wheel’s axis
Complete wheel
Seats

Steering wheel

W ©® N o ;e w N RE

Top

PR i "

Figure 12: Car printed pieces.

The assembled car look is visualized in Figure 14. To assemble the car, some steps are required to be
performed before others, so a predecessor diagram has been made, Figure 13. Those steps correspond
to:

Place the chassis on the fixture so it does not move during the assembly process.

Join the wheels onto the tires. There are five complete wheels in total.

Introduce the wheel’s axis onto the chassis.

Once the chassis has its wheels axis, introduce the wheels in their places.

Join the bodywork onto the chassis.

Position the steering wheel in the middle hole of the bodywork.

Position the seats in the two holes left in the bodywork.

Place the fifth complete wheel, behind the bodywork, as a spare wheel.

Position the top of the car.

IomTmoo0®>

FINISH

Figure 13: Predecessor diagram.
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Figure 14: Assembled car.

6.4 Human and robot tasks

For an HRC system it is necessary to divide the tasks between the robot and the human, following the
defined steps to assemble the product, Figure 12, and consider the activities that the robot can do.
The assembly process steps are described in the instructions included in HMD for the human as follows:

Press the START button to start.
. Press DOJOBI1 for the robot to bring the wheels.

3. Once JOB1DONE, press DOJOB2 for the robot to place the chassis. Meanwhile, the user will
join the wheels into the tire; there are five complete wheels.

4. Once JOB2DONE, introduce the wheels axis into the chassis and place the complete wheels on
each end.

5. Press DOJOBS3 so the robot can place the bodywork over the chassis and push kindly to join
them.

6. Press DOJOB4 for the robot to bring the steering wheel.

7. Once JOB4DONE, press DOJOBS so the robot can place the back wheel meanwhile the user is
placing the steering wheel.

8. Make sure that the back wheel is correctly assembled by pressing a little. Next, press DOJOB6
so the robot can place the seats and push gently to join.

9. Finally, press DOJOB7 and the robot will place the top over the car.

Table 2 summarizes the steps and division of tasks between the human and the robot. The tasks are

numbered to identify them. Also, the common activities are indicated with a cross in the human and
robot box.
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Num. of task TASK HUMAN | ROBOT
1 Bring the wheels to the user X
2 Join the wheels into the tire X
3 Place the chassis X
4 Insert the wheel’s axis in the chassis X
5 Place the wheels X
6 Put the bodywork over the chassis X
7 Bring the steering wheel to the user X
8 Place the steering wheel X
9 Place the back wheel X
10 Place the seats and fix them X X
11 Place the top of the car X

Table 2: Tasks divided between the human and the robot.

All parts of the car have snap-fit joint, which the user has to press to get the pieces joined together.
For the robot to be able to do each step, the user presses a button in the Hololens2 of the task that
corresponds. So, to initialize the robot, the user has to press the START button to start, DOJOB1 to do
the first task, like that until the final task. Moreover, if it is needed, there are STOP and RESET buttons.
The workflow assembly is designed according to Figure 15, where the tasks numbers correspond to
the ones in Table 2, and the button correspond to the action of the user pressing the panel. Task
number ten corresponds to the robot and the human. The tasks must be realized one after the other
and cannot be performed in random order.

H U MAN TASKS
DOJOB3 DOJOB3 DoJoB4 DOJOBS DOJOBG
BUTTON BUTTON BUTTON BUTTON BUTTON

N
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ROBOT TASKS

Figure 15: Assembly process workflow.
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6.5 Robot programming

Twelve inputs and seven outputs are defined. The robot program is done using the FlexPendant and
Polyscope. The flowchart of the assembly process is shown in Figure 16, where every robot task
depends on a variable that the user controls. For example, the program does not start until the user
presses the START button in the panel. To start to program it is necessary to have the 1/0 list defined,
Table 3. This list is essential during all the programming processes.

START? | e S
v
y v
Pick t d
Pick steering icl :faz:r an
S and place
v
i ! JOB7DONE
JOB4DONE
DOJOB1?
v
STOP
4 v
Pick wheels and
s DOJOB5?
v
-
JOB1DONE
Pick back wheel
and place
v
v
DOJOB2?
JOBSDONE
X v
Pick chassis and
EEE DOJOB6?
v
v
JOB2DONE
Pick seats and
place
v
v
DOJOB3?

JOB6DONE

v

Pick bodywork
and place

v

JOB3DONE

Figure 16: Robot flowchart.
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1/0 List
Type Variables Definition
START_button | Start the robot program.
STOP_button | Stop the robot program.

RESET_button | Reset the robot program.

DOJOB1 Allows the robot to do the corresponding task.
DOJOB2 Allows the robot to do the corresponding task.
DOJOB3 Allows the robot to do the corresponding task.
INPUTS DOJOB4 Allows the robot to do the corresponding task.
DOJOBS Allows the robot to do the corresponding task.
DOJOB6 Allows the robot to do the corresponding task.
DOJOB7 Allows the robot to do the corresponding task.

OpenGripper | Button to open the gripper when its needed.

CloseGripper | Button to close the gripper when its needed.
JOB1DONE The task is done and the user can continue.
JOB2DONE The task is done and the user can continue.
JOB3DONE The task is done and the user can continue.

OUTPUTS JOB4DONE The task is done and the user can continue.

JOB5DONE The task is done and the user can continue.

JOB6DONE The task is done and the user can continue.

JOB7DONE The task is done and the user can continue.

Table 3: 1/0 List of the signals between HMD and robot.

6.6 Augmented reality and robot communication

Following the instructions and steps of the guide described in the implementation section, the
connection has been realized. First, the design of the instructions panel was made in Unity, Figure 17,
which includes a user guide with the assembly steps. Then, on the right, there are the buttons to
communicate with the robot what the next operation is, counting with STOP and RESET buttons.
Finally, a button that says "ShowPlane," if the user wishes, will show a plane, as Figure 6.

ASSEMBLY INSTRUCTIONS -

Steps to follow
1. Press START button to start.

2. Press DOJOBY, for the robot to bring you the wheels.

3. Once, JOBIDONE, press DOJOB2 for the robot to place the chassis.
Meanwhile join the wheels into the tire, there is a total of 5 complete
wheels.

4. Once JOB2DONE, introduce the wheels axis into the chassis, and place
the complete wheels in each end.

5. Press DOJOB3, 50 the robot can place the bodywork over the chassis,
and push kindly to join them.

6, Press DOJOBA, for the robot to bring you the steering wheel.

7. Once JOBADONE, press DOJOBS so the robot can place the back wheel
meanwhile you place the steering wheel.

8. Make sure that the back wheel is correctly assembled by pressing a little
bit. Press DOJOBS, so the robot can place the seats and then push gently.

9. Finally, press DOJOB7, the robot will place the top over the car.

Figure 17: Instructions panel designed in Unity.
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The next step was to transfer the state of the buttons from Unity to THX. These states are transferred
as boolean variables, so C# scripts have been created that allow this connection. As shown in Figure
18, the name of the Industrial thing created in THX is written along with the variables defined in the
I/0 list in Table 3. Having achieved the communication between the robot and Kepware, using Modbus
Figure 19, the last step was to create an Industrial connector that would connect Kepware and THX.

System;

System.Collections.Generic;
UnityEngine;

HiS.XR.Classes

name;

description;

thingTemplate;
> tags;

Modbus_URS_Internal Variables CloseGripper;
Modbus_URS_Internal Variables_OpenGripper;
Modbus_URS_Internal Variables_Dolobl;
Modbus_URS_Internal_Variables_Dolob2;
Modbus_URS_Internal_Variables_Dolob3;
Modbus_URS_Internal Variables_DoJobd;
Modbus_UR5_Internal Variables_DolobS;
Modbus_URS_Internal Variables_Dolobé;
Modbus_URS_Internal_Variables_Dolob7;
Modbus_URS_Internal_Variables_JoblDone;
Modbus_URS_Internal Variables_Job2Done;
Modbus_UR5_Internal_Variables_lob3Done;
Modbus_URS5_Internal Variables_JobdDone;
Modbus_URS5_Internal_Variables_JobSDone;
Modbus_URS_Internal_Variables_Job6Done;
Modbus_URS_Internal Variables_Job7Done;
Modbus_URS5_Internal Variables Reset;
Modbus_URS_Internal Variables_START_button;
Modbus_URS_Internal Variables_Start_Job;
Modbus_URS_Internal Variables_STOP_button;

NYB GetUnityURS_NYB( answer)

tility.FromJsoncURS_NYB>(answer);

B Project Tag Name Address Data Type Scan Rate Scaling
1) Connectivity €21 STOP_button 000019 Boolean 10 None
= fua] Modbus @Dolob7 000136 Boolean 10 None
B s ot 200l wors7 Bocen o None
0 UR3 @) START_button 000138 Boolean 10 None
o URs @] Dolob2 000139 Boolean 10 None
G] @7 DoJob3 000140 Boolean 10 None
£ Joint Angles @4 Dolob4 000141 Boolean 10 None
3 Joint Temperature @4 Dolob5 000142 Boolean 10 None
+-{f UR10e @7 DoJobb 000143 Boolean 10 None
#-0 PLCOPCUA 7 PowerON 000260 Boolean 10 None
B Aliases ©JURS_Job1_Finished 100018 Boolean 10 None

Figure 19: Addresses used for Modbus in Kepware.
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7 Discussion

This project includes both practical and theoretical parts. In the theoretical part, the big problem was
how to realize the demonstrator. Applying the methodology described before, the problem was
divided into smaller ones, collaboration, assembly, AR, and HRC. After the research using all the
resources collected from the literature review, it has been concluded how to create the demonstrator
in the implementation section.

Regarding the practical part of creating the demonstrator, it was the first time using that kind of
software and interacting with this type of device and robots. The design of the panel is simple, but
much research was done to learn how to design in Unity for Hololens2, as there is currently no guide
to follow. That is the main reason to create a guide on how to realize a simple panel in Unity. The next
step was to connect this panel with THX, Victor Igelmo provided the package for the connection, but
it took some time to understand how the exchange of data works. Furthermore, the last step was to
use Kepware to connect THX with the robot. That needs to decide on the type of connection between
Kepware and the robot; if OP CUA or Modbus, some tests were carried out for both, and Modbus
ended up being chosen. So, one disadvantage of this is that it took a longer time than expected to
create that communication. This project has documented all the research of different resources to
realize this connection in a shorter time for future students.

Considering the research done in the literature review, some methods have been followed in other
projects to create the assembly process and divide the tasks between the human and the robot. Then,
assigning the tasks for the robot was challenging as the pieces were too small, and accuracy and
caution were needed to grip them. That is why most of the activities are done by the user, although
some of them are in collaboration with the robot, which can be improved as future work to take
advantage of the robot and reduce the production time. Also, assembly instructions for the user were
created considering all the general safety aspects and the pieces available to assemble the car. A
predecessor diagram has been created to facilitate the definition of each step and the necessity of
doing one before the other.

Finally, joining all the steps achieved, the demonstrator is ready to be used as a proof of concept. Some
students have tried the demonstrator, and each one has had different feelings and experiences,
though all of them could assemble the car. In this project, the user experience study is proposed as
future work, as the reaction of each user is different and could be useful for industries.
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8 Conclusions

The project aims to create a demonstrator that works as a proof of concept. This demonstrator will be
used for future user experience studies to analyze if a user can realize an assembly process without
prior knowledge and work in an environment with different technologies such as Hololens2 and URS5.
This project has been carried out considering the industries' reality and the work required to realize
any production. It is necessary to have different engineers who contribute their knowledge, have a
variety of technology that facilitates the work for the humans, and improve the company in terms of
quality and efficiency. Also, it is necessary to satisfy the three circles of sustainability, doing projects
that can provide current and lasting improvements for other people's future without damaging the
environment.

The result obtained from this project is the demonstrator that works as a proof-of-concept of what
industries ask for, as it was explained above. The assembly process can be realized by a human
interacting with the robot using the Hololens2. The actual instructions panel could be confusing for the
human, but it could be improved as a future work so the user can follow it without any doubt. During
the process, the human behavior and experience are different for each one and can be analyzed for
the user experience study.

8.1 Objectives achieved

“The main aim of this thesis is to develop an experimental demonstrator utilizing collaborative
robots and augmented reality, that can be used for the evaluation of user experiences. The main
objective is reached once demonstrator is built and working as a proof-of-concept.”

The demonstrator created is an assembly process realized in an HRC system using Hololens2. This can
be used to evaluate the user experiences during the process with a collaborative robot.

Sub-objectives:

1. “Create a demonstrator that includes an assembly process between a collaborative robot
and a human using a head-mounted AR device.”
The demonstrator has been successfully created where the product to be assembled is a car.
Also, the device used to control the robot is Hololens2.

2. “Specify the assembly process for Human-Robot Collaboration (HRC), and divide the tasks
between the human and the robot.”
The tasks for the process have been divided between the human and the robot to create an
HRC system. A user instruction has been realized to assemble the car considering general
safety aspects like emergency stop buttons. Also, a workflow is defined by dividing the tasks
between the human and the robot.

3. “Design and implement the AR interface.”

The AR interface has been correctly designed using Unity. The interface includes a panel with
instructions and buttons.
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4. “Establish communication between the human and the robot using AR and loT.”
The connection between the robot and the Hololens2 works correctly. When a button is
pressed in the device, the robot realizes the required task.

5. “Document the connection process between AR and the robot for the demonstrator.”
The realization of the demonstrator is explained so another person can repeat the work. The
connection process from any device to industrial equipment is documented and explained for
future work and facilitate for similar projects.

8.2 Future work

The project has been realized as a proof of concept, and can be improved in each aspect, for example
safety aspects or the AR interface. This section is to recommend improvements to enhance the
demonstrator:

e Improve the design of the instructions panel to make it more intuitive and ergonomic for the
user.

e Add a variety of variables to communicate the robot with the Hololens2. Also, add voice
recognition to improve the demonstrator’s safety.

e Make two screen options, left-handed and right-handed, as it is more intuitive and
comfortable for the user to touch the screen with the dominant hand.

e Improve the assembly process with a real assembly of an actual product.

e Improve safety aspects regarding the collaboration between the human with the robot during
the process. Regulate the robot's speed, force, and torque according to the technical
specification 1SO T/S-15066.
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Appendices

Appendix 1: Design in Unity and connect with Thingworx

In this case, Unity is used to create a panel with instructions and interaction buttons for an AR device,
Hololens2. To do that, download a package called Mixed Reality Toolkit (MRTK), which offers all the
materials and tools used for this device. Therefore, the first step is to download the packages needed
from MRTK, which are available at this link:

https://github.com/microsoft/MixedRealityToolkit-Unity/releases.

The most important package to download is the Foundation one, Figure 20. It is possible to download
the others to see some examples made by Microsoft. Also, another important package is the one
provided by Victor Igelmo, which contains all the material that will connect Unity with Thingworx.

v Assets 7

@ Microsoft.MixedReality.Toolkit.Unity.Examples.2.7.3.unitypackage

@ Microsoft.MixedReality.Toolkit.Unity.Extensions.2.7.3.unitypackage

: Q Microsoft.MixedReality.Toolkit.Unity.Foundation.2.7.3.unitypackage )

@ Microsoft.MixedReality.Toolkit.Unity.TestUtilities.2.7.3.unitypackage
@ Microsoft.MixedReality.Toolkit.Unity.Tools.2.7.3.unitypackage
[3) Source code (zip)

m Source code (tar.gz)

Figure 20: Package to download from MRTK

To create a new project in Unity, open Unity Hub, start a new project, select a 3D template, and choose
a name, then the project is created. Now it is time to import the packages downloaded before. On the
menu bar, select Assets > Import package > Custom package. Then, select the file downloaded before,
and a window will appear, make sure that everything is selected, and press Import. Once the package
is imported successfully, it will appear MRTK project configurator. Select to download Unity OpenXR
plugin for the Hololens2.

In this case, the tool used the most is PressableButtonHoloLens2. It can be found searching for the
name in the seeker, as seen in Figure 21. The next step is to create the scene for the Hololens2. On the
menu bar, press Mixed Reality > Toolkit > Add to Scene and Configure. It is essential not to skip this
step. Otherwise, the Hololens2 will not show the space correctly created. This can be found more
detailed at https://www.youtube.com/watch?v=9fcKzyOSH8E&t=289s&ab channel=HarryGuo. After
this, import TMP essentials that appear in a pop-up message.
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Mixed Reality Window Help
Toolkit 3 Unikties
Help
Add to Scene and Configure..
Show version.

Prossavie.

Figure 21: Add Mixed reality to scene

The next step is to import the Thingworx package, following the same steps as for the last package.
Once imported, a folder called Scripts contains three files, THXclasses, CloudHandlerHelper, and
CloudHandler. The only one that has to be modified is THXclasses. Therefore, open it in Visual Studio
and change the names depending on the Industrial thing created in Thingworx. In this case, the name
of the Industrial thing is "UR5_NYB" and the variables, as Figure 22.

B Assembly-CSharp

HiS.XR.Classes

thingTempla
> tags;

s_OpenGripper;

START_button;

Figure 22: THXclasses script
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To have everything better organized, create a folder in Assets folder called Scripts, inside the folder
press right-click > create > C# script. The code has to send the button state to Thingworx, for that it is
necessary to call the CloudHandlerHelper and create two functions called, OnClicked and OffClicked,
to set true or false in the variable, Figure 23.

~ %3 HiS.XR.ButtonStartBehaviour

-1per cloudHandlerHelper;

Main Methods

s é) 1 referenc

cloudHandlerHelper = GetComponent<CloudHandlerHelper>();

d onClicked()

offClicked()

start();
cloudHand 1 tThingProper out bool value);

Figure 23: Button states script

Connect the C# script created, in this case, called ButtonState, with the button and Thingworx. For
that, access Unity, drag the ButtonState file and drop in PressableButtonHoloLens2 as Figure 24, and
it will appear the Cloud Handler Helper and Button State in the inspector. Fill the Cloud Handler Helper
with the thing name, put the application key, and in "Get Thing Properties," write the number of
variables used and the variable name in Element 0. Press "+" to add more variables if needed.

At
o

-

-

&
-
B

Figure 24: Drag and drop file

Afterward, to set the status of the button once it is pressed, search for Receivers in the inspector, open
it, and press Add Event. Then, in Event Receiver Type, put InteractableOnToggleReceiver, in OnSelect
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() press "+" and drag PressableButtonHoloLens2 and drop as in Figure 25. Put the function created in
the C# script before, in this case, OnClicked, and the same for On Deselect, put the function OffClicked,
Figure 26. Finally, the first button is done. Press play and open Thingworx to ensure that when the
button is pressed, the variable changes to true in Thingworx.

Figure 25: Drag and drop, Toggle receiver

Event Propertios
OnSaelect ()

Runtime Oni »

bool enabled

string narme

bool runinkEditMode
string tag

bool useGUILsyout
BroadcastMessage (string)
Cancellrvoke (string)
Cancellrvoke ()

OfClicked ()

OnClicked ()
SendMessage (string)
SendMessageUpwards (string)
StopAliCoroutines ()

StopCoroutine (string)

AudioSource PlayOneShot

No Function
~  No Function

GameObject

Transform

BaxCollider
PressableButtonHoloLens2
PhysicalPressEventRouter
Interactable

AudioSource
NearinteractionTouchable
ButtonConfigHelper
CloudHandlerHelper
ButtonState

Figure 26: Event properties
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Appendix 2: Create an application in Hololens2

Once the panel is correctly designed and connected with Thingworx, create the application in
Hololens2. It is necessary to follow the instructions that are described below, and once finished, turn
on the device, and the application created should appear in the Hololens2, make sure that the
connection with THX is working from the Hololens2.

1. Press File > Build Settings in the Unity project and press Universal Windows Platform and
Switch Platform.

Press Add Open Scenes to add the Scene created in the project.

Fill out the options as shown in Figure 27.

Press build and run and choose a folder to save the project.

Go to the folder and open the Visual Studio file generated.

Follow the steps indicated by Microsoft in the following link: https://docs.microsoft.com/en-
us/windows/mixed-reality/develop/advanced-concepts/using-visual-studio?tabs=hl2

o v s wnN

Platform

g PC, Mac & Linux Standalone == Universal Wi atform

- . .
=. Universal Windows Platform € 1,

HoloLens

ARM64

D3D Project

Latest installed

10.0.18362.0

Latest installed
cal Machine

Player Settings.. Build And Run

Figure 27: Universal Windows Platform.

37


https://docs.microsoft.com/en-us/windows/mixed-reality/develop/advanced-concepts/using-visual-studio?tabs=hl2
https://docs.microsoft.com/en-us/windows/mixed-reality/develop/advanced-concepts/using-visual-studio?tabs=hl2

Appendix 3: Connect Thingworx with Kepware

The connection between THX and Kepware can be realized once the variables are defined in Kepware.
Then, an Industrial connector, which has to be created in THX, is in charge of transferring the data from
Kepware to THX and vice versa. This connection is explained by Ander Biain Galdos & Ifiaki Ordoki
Oiarbide (2021). Also, the steps to follow to realize the connection is explained in:

https://support.ptc.com/help/thingworx hc/thingworx 8 hc/en/index.html#page/ThingWorx/Help/
Composer/IndustrialConnections/IndustrialConnectionsExample.html

To be able to send information from Kepware to the robot, this project has used Modbus. Therefore,
it is necessary to define an address for each variable. Universal Robot provides the addresses in the
following link:

https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fs3-eu-west-
1.amazonaws.com%2Fur-support-
Site%2F16377%2FModBus%2520server%2520data.xIsx&wdOrigin=BROWSELINK
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