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Abstract

The primary concern in an environment where humans and robots coexist is ensuring human
safety. However, the implementation of physical safety measures and barriers around the
robot creates distance between humans and robots. This research aims to visualise virtual
safety zones around a real robot arm using Augmented Reality (AR), thereby replacing the
cages and bringing humans and robots closer together in a safe way. This thesis addresses
this in four phases.

In phase one, the focus is on the development of an AR system and the calculation of AR
safety zones for use in the system whilst considering how ISO standards used in industry can
be adapted — there is currently no international standard for visualising safety areas with AR
for use in industry. This analysis also takes into account hardware and software delays, a
factor previously overlooked in other studies, and explores the incorporation of these delays
into the safety zone calculations.

The second phase addresses the display of the calculated safety zones around a moving
robot arm. To demonstrate this, a collaborative pick and place application is used, involving
a Universal Robots 10 (UR10) robot arm and a Microsoft HoloLens 2 for control and
visualisation. This setup mimics a real task in an industrial robot cell.

In the third phase, the research examines the impact of visualised safety areas on users’
feelings of safety and trust in the robot arm. The shape, size, and appearance of the AR
safety zones are tested through three experiments. Experiments 1 and 2 are conducted with a
real UR10 robot arm, while Experiment 3 is conducted in a virtual environment. The results
indicate that visualisations using sectional cylinders, a safety zone shape that mimics the
robot arm, together with virtual cage bars were a preferred safety zone combination for a real
robot arm. However, the results were mixed in the case of a virtual robot arm experiment.

In the final phase, the investigation focuses on the transferability between real and
virtual environments. A statistical analysis of equivalent experiments in a virtual and real
environment revealed that users preferred different safety zone configurations. Subsequent
discussion considers the question of whether safety visualisations can be initially tested in a

virtual scenario and subsequently transferred to a real robot arm scenario.
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Chapter 1

Introduction

1.1 Background

Human-Robot Collaboration (HRC) remains important in industry because the cognitive
abilities and adaptability of humans are still essential for tasks. Robots can be precise and
consistent while humans can focus on complex decision making and quality control. However,
task coexistence between humans and robots poses potential safety problems and this needs
to be taken into consideration when designing the interaction of robots and humans.

The most important issue when humans and robots are in the same space is the safety of
humans 88, 91, 10]. In industry, there are a variety of signs, warning systems and physical
barriers to ensure the safe operation of robots and to prevent direct human violation of
robots' work areasi8(. The main purpose of these measures is to provide environmental
awareness to humans by clearly separating the robot's work area. In dynamic settings where
the workspace arrangement frequently changes or in situations where numerous robots and
people operate simultaneously, these techniques may not always yield successful results.
Moreover, exibility becomes a concern in such scenarios.

Visualising safety areas or signs in different ways and designing more dynamic industrial
environments are still active areas of reseat80[ 88, 129. One of these alternative
methods is Augmented Reality (AR) technology. With AR, safety zones can be visualised
virtually and real-time feedback is provided to users about the environment in dynamic and
intuitive ways [L12, 88]. AR can place 2D or 3D virtual objects in real-world coordinates
presenting virtual and real environments together. This can be done with handheld devices
such as smartphones or tablets, where interaction is done though screen touches, or with
hands-free devices such as smart glasses or headsets, where the user's hands can be tracked
in the real world and can be used to interact with the virtual objects.
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The use and potential of AR in HRC is still an open research area. One of the major gaps
in this eld is how AR can be effectively used for safety solutions. The current focus of
research lies in devising intuitive components for these visualisations, carefully considering
their integration with the user's real-world experience to minimise any potential interference.
By solving these problems and presenting information about robot systems to users in natural
and intuitive ways, users could potentially interact with the robot in a safer way. Replacing
physical barriers with virtual replicas could provide a more exible environment and allow
users to interact more closely with the robot. This could lead to increased productivity in
industrial settings.

Various methods have been explored in previous research to visualise safety zones using
AR. These methods include 2D aredd4 17, safety curtains§8], and user-con gurable
barriers P1]. These methods provide a visible boundary or indication of restricted areas.
However, determining the appropriate dimensions of safety areas remains an open question.
Safety standards such as ISO 15068 ghould be considered. However, ISO standards do
not have speci c regulations for AR devices. Also, AR devices require network connectivity
to interact with robots, which introduces potential network latencies.

Previous studieslP7, 146 highlight how low latency impacts cognitive functions such
as presence, spatial cognition, and awareness. Allen and Din@rmaod Wu et al. 195
emphasise minimising visual transport delays for stable control systems — such delays refer to
the time it takes for visual information to be transmitted from a source (such as a camera) to
a control system, where it is processed and used to make decisions or adjustments. Allen and
Dimarco [6] claim that a delay between 30 and 40 ms is acceptable for stability, whilst Karl
et al. [LOJ suggests that higher visual latency, such as a 150 ms delay, can lead to slower
reaction times and potential simulator sickness. These ndings stress the need to minimise
delays in visual feedback for safe and effective human-robot collaboration. Without careful
consideration of latencies, de ning safety zones around a robot arm's dynamic trajectory
becomes risky, increasing the chances of collisions. For example, latencies may affect the
accurate visualisation of the robot arm's stopping distance, creating a disconnect between
perceived and actual positions and increasing the risk of collisions or unsafe interactions.
This issue is particularly important in an AR client-server architecture. AR's immersive
nature makes quick and accurate visual information crucial, highlighting the need to not only
acknowledge latencies but also communicate them to operators. The use of safety zones that
include the range of latencies in an AR client-server architecture will be considered in this
thesis.

It is also important to investigate the impact of AR systems on users' perceived safety
feelings when interacting with robot arms. Understanding how AR-based safety measures
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are perceived by users is important for effective AR implementations and may also determine
the future applications of AR in industry [88, 112, 91, 10].

Related to safety, both AR and VR can be used for training in industry. AR enables
testing and training in realistic settings using exact replicas of real assets known as digital
twins. Digital twins can be used for monitoring, analysis and simulation in various industries,
including safety training. However, if the real world environment has possible hazards, such
as in human robot collaboration, then VR training may be used instead. VR has often been
used for training employees (e.@4] 139). But, if AR elements will eventually be used
in the real setting, then those AR elements must be simulated in the VR training process.
This raises questions regarding transferability from the virtual world to the real world, given
the added extra of the simulated AR elements. Related to this is whether the safety features
tested in the virtual environment and the feelings experienced by users can be effectively
transferred to the real world. These aspects will be considered in this thesis.

1.2 Research Gaps and Limitations

Current experimental HRC AR systen&8[ 91, 40], designed for lab settings, are tailored to
individual robot arm applications and lack the versatility required for an industrial setting,
where safety standards must be followed. In this thesis, an AR system will be developed that
can utilise different robot arm models and multiple AR/VR devices or tablets simultaneously.

It will also support collaborative sessions across various devices. The absence of a session
mechanics framework that allows multiple devices to join different sessions concurrently is

a signi cant gap in existing systems used in the literature, and is something that would be
expected in an industrial application. Whilst not a research contribution, this AR architecture
will support the research questions this thesis intends to address.

There is existing research on integrating AR into processes involving robot arms whilst
ensuring human safetyL 29, 88, 91, 10]. These studies have primarily been conducted in
laboratory environments, with few examining the application of AR in industrial settings
[129 10]. Michalos et al. 129 and Hietanen et al. 88 concentrated on visualising
safety zones in accordance with 1ISO standards. However, they did not address the real-
time calculation of safety zones, nor network and hardware latencies. While some studies
[29, 158 have considered the effects of network delays in AR systems, previous research has
not quanti ed these delays and incorporated them as additional layers on top of the safety
zone de ned by ISO standards. Current literature lacks a comprehensive understanding of
how these latencies impact real-time safety assessments in AR applications, leaving a gap in
the knowledge needed for the development of effective and reliable safety protocols.
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Several research gaps can be identi ed regarding the visualisation of safety areas using
AR for a moving robot arm. Firstly, while previous studies have explored AR's potential
in visualising safety aread 29 88|, they primarily focused on sensor data management
and visualising the robot's working area with AR. This highlights the need for research that
explores the potential of AR to dynamically visualise safety areas in real-time, considering
safety standards. Additionally, while previous studies have explored both 3D cube and 2D
safety areas, there is a lack of research investigating the appropriate shape for safety areas
while adhering to 1ISO standardsZ9, 88, 40]. Also, previous research has not investigated
the customisation of safety area appearance. This thesis will address these aspects.

There are also gaps in the understanding of the impact of visualised safety areas on
user-perceived safety towards a robot arm. While user surveys have been conducted to assess
perceived safety, none have directly compared various shapes of 3D safety areas or explored
user preferences regarding different shapes when visualising safety zones via an AR headset
[88, 91, 40]. The appearance of safety areas and their effects on users' perceived safety
towards robot arms needs further investigation. Addressing these issues could improve safety
in human-robot collaborative environments utilising AR.

AR provides a safer way to explore and interact with hazardous environments by over-
laying them onto the real world. To ensure safety in hazardous environments, training often
begins in virtual environments before transitioning to real-world settings. As AR gains
traction in real-world applications, it becomes imperative to evaluate its ef cacy during
virtual training p9]. Questions arise regarding the seamless transition of AR from virtual
to real environments, necessitating further research. Han é83lhgs compared virtual
and physical interactions in human-robot scenarios, indicating similar accuracy and positive
perception with potential cost-saving bene ts of AR. Similarly, Elbert et3®] fompared
virtual and real training for logistics tasks, nding similar performance trends but highlighting
limitations in result transferability, urging better realism and effectiveness in training methods.
However, little attention has been given to the transferability of AR safety visualisations
from virtual to real-world contexts. This will be investigated in this thesis.

1.3 Research Aims and Objectives

The previous section has identi ed a number of research gaps related to safety in relation to
the use of AR in HRC, speci cally calculation of safety zones, visualisation of safety areas,
user-perceived safety and transferability of safety measures in simulated environments to
real-world environments. Each of these areas will be investigated in this thesis as a feasibility
study into the potential of using AR for safe HRC in industrial manufacturing environments.
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The rst part of the work focuses on how to calculate safety zones around a robot arm.
Standard practice in industrial applications is to adhere to ISO standards when calculating
such safety areas around robots. However, since ISO standards do not encompass any
guidelines for AR, this raises the question of how to adapt the ISO standards. In addition, the
latencies introduced in a client-server architecture need to be considered. As stated above,
previous research has not quanti ed these delays and incorporated them as additional layers
on top of the safety zone de ned by ISO standards.

The second part of the work focuses on the display of these calculated areas on an actual
robot arm. Although previous AR studie®d, 112, 91] have explored different approaches,
the comparative assessment of geometric shapes as safety zones around a moving robot arm
using user testing remains unexplored. Furthermore, previous res88raii 2 91] has not
explored the potential effects of customising the appearance of these safety zones on the
user. User experiments will be conducted to consider the shape, size, and appearance of the
safety areas displayed on the robot arm. The impact of the visualised safety areas on users'
perceived safety will be investigated as part of this work.

The nal part of the work is to investigate whether these calculated and visualised safety
areas can be effectively used as part of training in a virtual environment and transferred to
the real world. Previous resear@g| 84, 55] has mentioned that the use of virtual reality
(VR) may be preferable in training due to safety reasons, however, the transferability of AR
simulations in a virtual world to the real world and the factors in uencing this process remain
unanswered.

Four research questions can thus be formulated:

1. RQ1: How should safety areas be calculated using AR for a moving robot arm? How
should network and hardware latencies be included in the calculations?

2. RQ2: How should safety areas be visualised using AR for a moving robot arm?

3. RQ3: What is the impact of the visualised safety areas on a user's perceived safety and
trust towards a robot arm?

4. RQ4: Can AR safety visualisations be initially tested in a virtual world and then
transferred to a real robot arm scenario?

In order to support the research, and address the limitations of previous lab systems
[88, 91, 40], an AR system, featuring a client-server architecture with Microsoft HoloLens 2
as the client and a Unity application as the server, has been developed. Chapter 3 presents
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this system. This work has been done in collaboration with Shef eld RoBasind the
Advanced Manufacturing Research Centre (AMR@®) replica of an industrial cell with a

UR10 robot arm situated at Shef eld Robotics has been used in the experiments described in
Chapters 5 and 6. The experiments make use of a pick-and-place task, chosen both because
it was used in previous research [88, 91, 40] and it is a common industrial application.

1.4 Research Contributions
The research offers the following novel contributions:

* The system overlays safety information using AR on a UR10 robot arm. While other
papers present different AR visualisations, they do not consider network and hardware
delays. Furthermore, in the research work in this Thesis, both robot and human speed
are used in the calculation of safety zones. A detailed description of this is given in
Chapter 4. This work addresses RQ1 and was presented as part of two publications
[41, 42].

 Different shapes, size and appearance of safety zones are displayed on a real robot
arm using AR. Two different shapes were analysed: cuboid, which represents the
conventional physical safety cages; a collection of cylinders, which was chosen as
the most compatible geometric shape for robot arm design. Previous studies have not
considered the shape and size of safety zo8&9[l], so the application of dynamic
geometric shapes as a safety zone is novel. This work addresses RQ2 and has been
presented as part of two publicatioEl[42]. Moreover, to overcome the narrow
eld of view problem of HoloLens 2, virtual bars have been added to the surface of
the safety zone to enhance depth perception and make it easier to track the safety
zone. This is a novel approach and it has positively impacted users by enhancing
their ability to track and perceive the boundaries of the safety area, particularly in
close human-robot collaboration. This work addresses RQ2 and RQ3, and has been
presented as part of two publications [42, 44].

* Experiments have shown that the use of virtual cage bars enhances users' safety
feelings. The bars help users to more accurately recognise the location of safety areas.

1Contact: Dr. James Law, Senior Experimental Of cer at Shef eld Robotics, https://www.shef eld.ac.uk/
shef eldrobotics

2Contact: Mr. Jonathan Eyre, Technical Lead in Digital Twins & Advanced Visualisation, AMRC, https:
IIwww.amrc.co.uk/
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This nding is related to RQ3 and has been presented as part of two publications
[44, 43].

* AR simulation was used to visualise different safety areas in a virtual environment.
It is possible to visualise different safety areas by anchoring them to 3D models of
different robot arms. Based on the experiment, it was observed that transferability
is a complex issue. Previous studies primarily focused on transferability in terms
of training. However, this research considering the visual representation itself. The
manner in which users perceive their environment can in uence their evaluation and
judgement of the employed visualisations. The results of the experiment with the
real robot arm clearly indicated a preference for the collection of large cylinders with
virtual cage bars, while the ndings from the virtual robot arm experiment were less
conclusive. These ndings are related to RQ4 and have been presented as part of a
publication [43].

1.5 Collaborations

During the last few years working on this Thesis, two collaborative projects provided an
opportunity to gain valuable experience and make signi cant contributions to cutting-edge
research and development.

In the rst project, from May 2021 to July 2021, | was as a part-time researcher involved
in the CSI:Cobot projeét The project was based on the digital twin concept and emphasised
the exploration of safe interaction between humans and collaborative robot arms. As a
member of the CSI:Cobot team, | was fully responsible for the integration of the AR work
done for this Thesis into the existing code base. For this thesis work, the Unity application
developed in the CSI:Cobot project was modi ed into a server by adding network components.
The details of the system can be found in Chapter 3.

In the second project, | was a member of the organising committee for the Manufacturing
Robotics Challenge 2021. This involved the design and implementation of user interfaces
for the human-robot collaboration scenario used by participants in the competition. The
objective of the challenge was to reimagine the concept of safe human-robot collaboration
within the framework of the digital twin. The participants were given the task of developing
an application that could enable error-free collaboration between a virtual operator and a
virtual robot arm. Throughout the intense two-day competition, | provided real-time technical
support to the participants, assisting them with any issues encountered in the ROS and Unity

Shttps://www.shef eld.ac.uk/shef eldrobotics/about/csi-cobot
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environments. This hands-on experience not only bene ted the participants but also yielded
valuable insights for me. This experience resulted in time savings when designing user tests
for the research reported in this Thesis.

1.6 COQOVID-19 Effects on the Research

In April 2020, just over one year into the research project, the COVID-19 pandemic resulted
in closed university of ces and labs. In order to contribute to the production of respiratory
devices and subsequent training that hospitals needed, the AMRC, who | was collaborating
with on the project, requested the loan of all HoloLens 2 devices available within the
University. This meant that | could not conduct practical experiments with the HoloLens 2
and users. A leave of absence was taken between April 2020 and October 2020. However,
on return to the University, the continuing COVID-19 pandemic meant that user experiments
could not be conducted. The laboratory housing the UR10 robot arm reopened in August
2021, but access was initially granted to students who were close to their PhD deadline. As a
result, it wasn't until February 2022 that access to the laboratories was obtained. After gaining
access to the laboratory, initial tests were conducted and the experimental set-up was tested.
The ethics application for the user experiment was approved in July 2022 (Reference Number
046089) and all experiments were conducted from September 2022 onwards. Overall, this
meant reducing the number of experiments and a limited time to recruit participants in order
to complete the thesis in the time available (deadline: 23 July 2023), taking into account the
expectations of the sponsoring organisation to complete the thesis within the funding period.

1.7 Overview of the Thesis

Chapter 2: Literature Review. This chapter presents a literature review that examines
human-robot collaboration (HRC), safety in HRC, and AR applications in HRC. It provides

an overview of previous research in these areas and examines current challenges and solutions.
The potential of AR in HRC applications is explored, along with an examination of its use

in enabling safe HRC. Furthermore, this chapter discusses the challenges and advantages
associated with the use of AR in the context of HRC safety.

Chapter 3: Research Methodology and the AR Systenilhis chapter discusses the
research methodology and provides an overview of the key components comprising the
augmented reality (AR) system and the environments created for this research work. A client
server architecture using 3D models of robot arms is explained and the system is used for the
experiments in subsequent chapters.
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Chapter 4: Safety Zone Calculations and Display.This chapter describes the 1SO
standards and formulas used as part of determining the safety zone surrounding the robot
arm. It also includes a description of the calculations used to assess hardware and network
latency. Finally, this chapter presents initial test visualisations of the generated safety zones.

Chapter 5: Real Robot Arm Experiments. This chapter presents the experiments with
a real robot arm (UR10) for a pick-and-place task using the the safety areas calculated in
Chapter 4. Variations in shape, size, and appearance are investigated and an analysis of these
con gurations on the user will be also conducted.

Chapter 6: Virtual Robot Arm Experiments. This chapter continues the evaluation
of safety areas, following the methodology of Chapter 5, by utilising a virtual robot arm
(UR10) and again conducting a pick-and-place task. It investigates whether the transferability
of training skills in the virtual environment to the real environment is also valid for safety
areas and safety feelings of users. An experiment is conducted on the impact of the different
con gurations on the user. The chapter explores different variations of safety zones in shape,
size, and appearance, and includes an analysis of how these con gurations affect the users.

Chapter 7: Discussion.This chapter has four main sections. The rst section discusses
the AR system used and the advantages and disadvantages of the client-server architecture.
The second section analyses safety, safety zone computations and ISO standards. The
third section discusses the effectiveness of AR in visualisation. The last section discusses
transferability from the virtual to the real environment.

Chapter 8: Conclusions.This chapter presents the conclusions derived from the research
and also identi es potential directions for future work.






Chapter 2

Literature Review

Collaborative robots, or cobots, aim to provide direct interaction between human operators
and robots, eliminating the need for traditional safety cages around r@oksdwever, in
today's industrial environments, collaborative robots (cobots) are still commonly used with
physical barriers for safety purposes. This hinders both the exibility and effectiveness of
human-robot collaboration (HRC) [124].

Effective communication is the main focus to ensure safe HRC, and managing collabora-
tive processes with robots requires careful consideration of HRC communication interfaces
and design feature9(). In this context, augmented reality (AR) has the potential to act as a
bridge connecting robots and humans, while also enabling safe HRC [88, 91, 4].

Training where safety may be an issue has traditionally been done with virtual reality
(VR) due to its inherent safety. However, the use of AR in HRC environments and the
exploration of training methods is an active topic. AR can simulate VR environments in
the real world. However, the transferability of the knowledge acquired in this simulated
AR environment to real world applications becomes an important question that needs to be
addressed [83, 139, 163].

There are six sections in this chapter. Section 2.1 reviews previous research in the eld
of HRC and explores potential opportunities and limitations. Section 2.2 reviews safety
in HRC and industrial safety standards for speci ¢ applications and robot types. Section
2.3 introduces AR and examines AR hardware and software. This section also explores
how safety measures can be implemented with AR. Section 2.4 explains the use of AR in
industrial applications. Section 2.5 covers safety measurements and AR solutions for safety.
Section 2.6 addresses the transferability from the virtual world to the real world.
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2.1 Human-Robot Collaboration

Human-Robot Collaboration (HRC) is the study of how humans and robots work together
in shared environments and processes, aiming to optimise productivity and safety through
interaction. HRC is an active area of research due to the growing interest in the coexistence
of robots with humans in a variety of settings such as homes, hospitals, and manufacturing
facilities [124]. The concept of HRC covers various forms of interaction, direct or indirect
interaction and physical or virtual interaction. HRC also includes various aspects related to
both humans and robots, such as the purpose, goals and scope of collaboration [72].

An important bene t of HRC is its potential to enable people to be more creative and in-
novative. Collaborating with robots allows humans to bene t from a wider range of solutions
while improving their productivity, resulting in faster progress and increased ef ciehicg].[

HRC also offers the possibility of developing specialised interfaces that allow for natural and
effective communication between humans and robk§}[ Additionally, HRC has proven

its versatility by being applied in various elds such as manufacturing, aerospace, surgery,
rehabilitation and more [166].

In addition to the many bene ts of HRC, there are also several challenges that need to be
addressed. One challenge is the dif culty in implementing HRC in various manufacturing
processes. Inkulu et al9§] discuss the particular challenges related to enabling collaboration
between humans and robots in unidirectional and bidirectional modes and classify the
demonstrated HRC techniques accordingly. Discovering the appropriate equilibrium between
the ful Iment of the roles performed by humans and robots, optimising their combined
productivity and ensuring human comfort when working with robotic partners pose additional
important challenges in the implementation of HRC. The development of more advanced
and intuitive interfaces that allow for effective collaboration between humans and robots also
remains a signi cant challenge that requires attention [180].

The biggest problem that arises when humans and robots come together is safety. Col-
laborative robots have been designed to overcome this problem. Collaborative robots, also
known as cobots, are specially designed to work safely side by side with human operators.
Unlike traditional industrial robots, which are often placed in safety cages, cobots are more

exible, safe and easily adaptable to other industrial applicatidd$)[ There are also safety
standards published by international organisations such as the International Organization for
Standardization (ISO) to solve the safety problem. These standards offer separate regulations
for cobots and traditional robots.

The following subsections cover two key aspects of Human-Robot Interaction (HRI).
Section 2.1.1 explores the range of interactions required for effective human-robot collabora-
tion, from independent interaction to complex collaboration. Section 2.1.2 examines how
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well humans and robots collaborate, using metrics such as workload and mental load of the
human operator and smooth exchange of information between the human and the robot.

2.1.1 Levels of Human-Robot Interaction

Much research has been done to categorise human-robot interaction, but there are no standard
guidelines. Each researcher has developed their own set of classi cations, which can help
to accurately categorise HRC systems in order to evaluate and improve safety measures.
As a result, numerous studies have investigated these levels of interaction using different
methodologies with a common goal.

Helms et al. categorised four types of interactions that occur between a human and
an industrial robot§6]. The rst type is called independent, where the human and robot
participate in tasks involving separate workpieces, resembling a conventional robot cell. The
second type is called synchronised, where the human and robot work sequentially in separate
areas on the same workpiece. The third type is labelled simultaneous, where the human and
robot work simultaneously on the same workpieces without any physical contact. Finally,
the fourth type is indicated as supportive, which describes a collaborative scenario where the
human and the robot cooperate on the same workpiece.

Wang et al. 189 introduced a set of ve features to describe the interaction between
robots and humans. These features include the presence of a shared workspace, direct contact
between robot and human, participation in a shared work task, the occurrence of concurrent
processes, and the occurrence of sequential processes. Another classi cation, proposed by
Bender et al. 17] and shown in Figure 2.1, de nes ve levels of interaction. At the rst level,
called the “cell', the robot is enclosed in a cage and has no interaction with humans. The
second level, "human-robot coexistence’, involves the human and robot working side by side
without a cage, but in separate workspaces. The third level, "human-robot synchronisation’,
involves the human and robot working sequentially on the same product in an overlapping
workspace. The fourth level, "Thuman-robot co-operation’, involves the human and robot
sharing the same workspace simultaneously but not working on the same product at the same
time. Finally, the fth level, "human-robot collaboration’, involves the human and robot
working together on the same product simultaneously in a shared workspace. Throughout
this research, the de nitions provided by Bender et al. will be followed as the basis for the
classi cation.
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Fig. 2.1 Five characteristics for robot and human interaction [17]

2.1.2 Effectiveness of HRC

The effectiveness of HRC depends on many different factors and previous works have
identi ed several key factors that impact the performance of HRC. The success of HRC
applications depends on the workload and mental load of the human operator. Research has
shown that a high mental workload leads to errors and decreased performance of workers.
Optimising workload and mental load can improve task completion time without errors
and overall HRC ef ciency 15]. Another important factor for effective HRC is the smooth
exchange of information between the human and the robot and the user's understanding
of the robot's noti cations. The ability of human and robot to communicate and work in
synchronisation is one of the goals of HRC. In a HRC system designed and functioning in
this way, the risk of error is very low [157].

The level of trust between workers and robots, which continues to be an active area
of research, is a signi cant factor that impacts the performance of HRC. It represents a
primary concern regarding HRC's effectiveness. A robot that is perceived as dangerous and
untrustworthy creates stress in the employees which signi cantly affects their productivity.
As trust in the robot increases, task ef ciency can also increase and overall effectiveness in
HRC can be improved®f)]. In addition to trust, the user's acceptance and approval to work
and interact with the robot signi cantly affects the effectiveness of HRC. Operators are more
likely to work together ef ciently and achieve common goals when they feel comfortable
and satis ed with the robot. Therefore, it is necessary to consider the role of the operator to
increase acceptance and satisfaction as well as trust [15, 196].

Other factors affecting productivity in HRC depend on whether the robot is easily usable
by the users. The dif culty of using the robot can hinder communication and synchronisation
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between humans and the robot. Even worse, this dif culty can reduce task ef ciency and
worker effectiveness. One of the key elements to build a successful team of robots and
humans is robots with user-friendly and intuitive interfaces [61].

Another aspect that affects the quality of HRC is the consistency of the robot and
its movements. The robot's movements, when predictable and repeatable, improve the
effectiveness of completing tasks and increase safety. Unpredictability can cause the worker
to lose con dence in the robot and decrease productivity, which in turn negatively affects the
effectiveness of the HRC [19].

This section was examined the various factors that impact the performance of Human-
Robot Collaboration (HRC) and their potential consequences. Within the scope of these
studies 157, 68, 52], the primary focus is on ensuring safety in order to achieve effective
HRC. The next section will discuss the approaches taken to address safety concerns and the
industry standards that have been implemented.

2.2 Safe Human-Robot Collaboration

Ensuring human and robot safety in human-robot collaboration (HRC) and preventing poten-
tial accidents among humans, robots, and equipment are important for maintaining smooth
processes. The prevention of accidents is particularly essential in ideal HRC systems. Typical
safety measures include the use of physical barriers, maintaining a protective separation
distance, and incorporating safety sensors in the robot's operatingl&@a]. In general,

the safety framework applied in industrial human-robot interaction areas consists of ve main
elements: restriction of human action, modi cation of robot behaviour, injury classi cation,
injury minimisation, and collision avoidance [190].

In HRC, two different aspects of safety should be considered: physical safety and per-
ceived safety. Physical safety focuses on preventing physical injuries, while perceived safety
relates to the feelings of safety and trust experienced by workers during robot interactions.
Researchers have proposed several models for assessing safety in HRC, considering both
physical safety and perceived safety aspects [30].

To regulate the use of robots in environments shared with humans, various safety practices
have been published by industrial companies. The most well-known regulations in this regard
are provided by the International Organization for Standardization (I8®)1]. These
regulations recommend different modes for different scenarios, particularly for scenarios
involving collaborative robots (cobots).

Subsection 2.2.1 introduces the various factors that impact safety in human-robot collabo-
ration. Subsection 2.2.2 explains the signi cance of ensuring safe human-robot collaboration
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across diverse industries, emphasising the need to prevent accidents and maintain smooth
processes within ideal HRC systems. Subsection 2.2.3 focuses on robots in manufacturing
and adherence to safety standards, highlighting the importance of implementing safety prac-
tices in shared environments. Subsection 2.2.4 explains the various collaboration modes
recommended for different scenarios involving human-robot collaboration. Subsection 2.2.5
discusses the effectiveness of safety visualisations in different scenarios. Subsection 2.2.6
explores safety area calculations for robots in human-robot interaction and collaboration
scenarios.

2.2.1 Factors Affecting Safety in Human-Robot Collaboration

Researchers have evaluated physical safety in HRC and identi ed four main aspects of
analysis including human, robot, environment and human-robot intera@gpn Qther
research has shown that the factors that affect safe HRC are robot characteristics, social
contact, trajectory, and workers' mental stress or safety awareh&ds Qther factors are
environmental awareness of people and work@8dnd the integration of technological
solutions such as sensors or devices. Solutions are required that don't break work ow to
prevent any negative effects on productivi®8] and worker health and mental load must be
considered in relation to ef ciency [193].

Clearly, ensuring safety in HRC is an interconnected and complex issue. The main
priority, however, must be the physical safety of people. The consideration is how to balance
this with the needs of human robot interaction. New ways for robots and humans to work
together safely and how new technologies can make HRC systems safer continue to require
further research. Section 2.5 will discuss how AR could be used to address safety in HRC.

2.2.2 Importance of Safe HRC in Different Industries

The disappearance of the traditional workspace separation between humans and robots
leads to an increased likelihood of accidents and injud&$§][ However, restricting the
interaction of robots with physical barriers can negatively impact productivity. It is important

to establish and adhere to safety protocols that balance human-robot collaboration (HRC)
while prioritising user safety8]. With an effective HRC environment, it can be possible to
achieve more ef cient processes where dangerous tasks are performed by robots and humans
are involved in the processe37]. In addition, the execution of repetitive tasks by robots
leads to a better mental well-being of employees and an increase in worker autdr8sny [
Through the performance of hazardous, repetitive or physically demanding tasks, robots can
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relieve physical pressure on humans, reduce injury rates and improve the overall quality of
work performed [167].

HRC requirements for safety differ in various sectors. In the automotive sector, co-
operation between humans and robots can be used for car production with exceptional
precision and ef ciency183. The adoption of collaborative approaches can increase the
exibility of the production process and enable manufacturers to produce a wider range of
products 148. Similarly, the use of robots in the healthcare industry could help to move
patients who have dif culty moving and lifting, which would prevent musculoskeletal injuries
to those working in the healthcare industry [125].

Time-ef cient processes can be achieved by performing repetitive and dangerous tasks
of humans through robots. However, by prioritising safety, both the mental and physical
safety of the users is ensured and this contributes positively to the process. However, it is
very important that the safety rules are standardised for industry-speci ¢ applications. In
the next Section, the safety protocols used in industry and the examination of the standards
speci ¢ to the robots used in the process will be discussed.

2.2.3 Robots in Manufacturing and Safety Standards

There are many types of robot arms used in industry. These robot arms are usually xed
to a oor or a ceiling or built on a mobile platforn/p]. These types can be traditional
robot arms, collaborative robot arms (cobot), mobile robots and automated guided vehicles
(AGV). Traditional robot arms work in cages generally and perform often very dangerous
tasks on behalf of humans. Examples of these are large robots that move car parts or weld
them. Cobots are types of robots that can work side by side with humans with the help or
direction of an operator, usually in jobs that are capable of carrying a maximum of 20 kilos.
Although safety cages are not needed for these robots, in some industrial applications these
robots are also used in cages. For example, in a welding application where the risk of sparks
and intense heat is high, physical barriers may be used to protect human workers while still
allowing for cobot operation. Mobile robots are focused on material handling, such as in
cargo warehouses, or where various inspection tasks can be assigned. AGVs are used in a
similar way to mobile robots, but AGVs move by means of markers or wires embedded in
the ground. There are different safety standards for each type of robot listed here. These
regulations exist to keep workers safe and prevent any accidents or collisions.
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Type of Robot Safety Standard Description

Industrial Robots ISO 10218-L2 Speci es design and construction require-
ments for industrial robots, including pro-
tective measures and integration guide-
lines.

ISO 13849-% Focuses on safety requirements for control
systems, covering design and testing.

ISO 14119-4 Relates to interlocking devices, ensuring
prevention of accidental machine move-
ment.

Collaborative Robots ISO/TS 15068  Safety standard speci cally for cobots,
(Cobots) outlining requirements for their design and
integration into systems.
ISO 10218 Applies to cobots as well, covering design
and construction requirements.

Mobile Robots ISO 13482 Safety standard for personal care robots,
addressing their design and construction
aspects.

ISO/TS 15066  Applicable to mobile robots, covering de-
sign, integration, risk assessment, and mit-
igation measures.

AGVs (Automated ISO 10218 Outlines design and construction require-
Guided Vehicles) ments for AGVSs.
ISO/TS 15066  Also applicable to AGVs, covering risk
assessment and mitigation measures.

Table 2.1 Summary of safety standards for different types of robots

Table 2.1 lists a range of standards and the robots they apply to. This research will focus
on cobots. The safety measures for cobots are more general because they are designed with
built-in safety features like force and speed limitations, sensors, and collision detection,
allowing them to safely interact with humans in shared workspaces. In contrast, traditional
robots do not have any force sensors and are designed for use in automation and in cages.
Therefore, different standards have been de ned for cobots and traditional robots.

Ihttps://lwww.iso.org/standard/51330.html
2https://www.iso.org/standard/41571.html
Shttps://www.iso.org/standard/73481.html
“https://www.iso.org/standard/45291.html
Shttps://www.iso.org/standard/62996.html
Shttps://www.iso.org/standard/53820.html
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ISO/TS 15066:2016 in Table 2.1 is the most relevant to cobots. It focuses on the safe
application of cobots, offering guidelines on design, performance, and safety features to
protect both human and robot workers. This speci cation provides a framework to ensure
the safety and ef ciency of HRC. It emphasises the importance of safe physical interaction,
recommending force sensors and compliant motion capabilities, and suggests workplace
planning, risk analysis, and risk mitigation strategies. This standard complements ISO
10218-1:2011 (see Table 2.1), which outlines safety standards for industrial robots, covering
design, construction, and the use of physical barriers and safety measures to prevent human-
robot contact, with both standards providing a framework for ensuring worker safety in
environments where robots are used.

2.2.4 Collaboration Modes

Scenarios where humans and robots collaborate to achieve common goals are referred to
as collaboration modes in ISO 10218-2 and ISO/TS 15066 (see Table 2.1). The design
and use of robots in HRC applications is summarised in ISO standards ISO 10218-2 and
ISO/TS 15066, which also list the different modes of collaboration related to HRC. In this
context there are four main collaborative modes: 'Safety-rated Monitored Stop’, 'Speed and
Separation Monitoring’, ‘Hand Guiding' and 'Power and Force Limiting'.

With Safety-rated Monitored Stop, the aim is to ensure the safety of people in the same
environment with robots in HRC scenarios. It uses sensors and safety equipment to monitor
people in the area and stop the robot from moving if a collision is about to occur. Human
injuries can be successfully prevented and potential robot damage minimised with applying
this mode in HRC scenarios. When robots move fast or are close to humans, this mode can
be used. Guidelines for the use of this mode are provided by ISO 10218-2 and ISO/TS 15066.
Robotic product assembly lines in factories are an example of this in action.

In Speed and Separation Monitoring (SSM), sensors are used to detect when the robot
approaches humans too quickly or gets too near. Remedial measures are then initiated to
prevent harm to people and damage to the robot. Manufacturing settings, where robots
perform tasks along a production line, are one example of this cooperative mode. Although
the robots move quickly because they are designed to be as ef cient as possible, sensors
installed in the workspace track their speed and proximity to people. The sensors identify
when a robot is moving too fast or getting too near to a person and alert the robot to slow
down or avoid the person. This avoids possible crashes or harm.

Hand Guiding applies to the use of hand-held robots in HRC environments. In this mode,
people physically operate the robot, either by moving it themselves or by using a portable
controller. In situations where the robot needs to access dif cult terrain or work in close
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proximity to people, hand guiding reduces the danger of harm to people and the robot itself.

Construction environments where robots perform activities such as welding or painting are an

example of a Hand Guided environment. A portable controller is used by a human operator

to precisely guide the robot to where it is needed for the task. To ensure safe and precise
placement, the human is responsible for the robot's movements and has the ability to stop it
when necessatry.

The Power and Force Limiting mode entails limiting the robot's mobility and force capa-
bilities to only certain regions or jobs in order to avoid using too much force or endangering
people. When a robot performs tasks near people or its actions potentially endanger them,
power and force limiting effectively lowers the risk of human injuries and robot damage. An
example is when robots help with patient lifting and transporting in healthcare facilities. The
programming of the robot limits its ability to lift and causes it to stop moving if it senses too
much force. This safeguard stops the robot from unintentionally raising a patient too high or
using too much power, both of which might cause harm.

The SSM mode was chosen for this research due to its speci ¢ capabilities in continuously
monitoring and regulating the speed and separation between individuals and robots. The SSM
mode incorporates sensors and tracking systems to actively observe the real-time distance and
relative speed between people and robots. The SSM mode aligns well with the capabilities of
the HoloLens 2, making it a suitable choice for integration. The HoloLens 2 is equipped with
advanced sensors, cameras, and spatial mapping technology, which enables it to perceive
and understand the surrounding environment. By using the SSM mode, the HoloLens 2
can accurately monitor the distance and movement of people in relation to robots. This
integration enhances the HoloLens 2's functionality by providing real-time safety monitoring
and control, ensuring safe collaboration between humans and robots in various scenarios.

2.2.5 Safety Measures

This section will examine traditional safety measures for HRC, such as signage, speed
reduction and physical barriers, which ensure safety but can reduce productivity, and modern
approaches involving dynamic safety zones and advanced perception systems to maintain
safety without compromising ef ciency [3].

The effectiveness of safety visualisations, instructions and signage in different scenarios
has been studied by various researchers. Villani etl@([investigated the effectiveness of
colour-coded safety barriers and signs in industrial environments and reported that various
gures and diagrams can make it easier to understand the hazards and risks associated with
activities and help raise awareness among workers when entering certain areas.
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Fig. 2.2 Robot arm in a cage at the AMRC Factory 2050.

Other safety measures are implemented in HRC to protect the safety of workers sharing
the same environment with robots. These measures include human action restraint, robot
behaviour modi cation, injury classi cation, injury minimisation, collision avoidance, and
active vision-based safety systems [190, 82, 187].

(a) The robot brings the piece (b) The view of the robot arm
to the spot welding machine. from the user's position.

Fig. 2.3 Spot welding cell.

The typical safety measure for traditional robots is to place robots in physically fenced
areas and prevent human accds¥J. The cage surrounding the robot prevents users from
entering its working area. In Figure 2.2, to access the robot, the users must rst open the cage
door, upon which the robot and other systems stop, waiting for the users to complete their
work. Once the users nish their task, they must close the cage door and restart the system.
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However, this process slows down HRC. Not all robots are equipped with such cages and
doors. Figure 2.3 shows that physical barriers are placed around the spot welder and robot
arm. Moreover, a Lidar sensor ensures that humans do not enter this cell, triggering the robot
arm to stop its operation if the human and the robot get too close.

While these physical fences prevent direct interaction with humans, collaborative robots
or cobots are designed to work partially or fully with human workers in shared &8gds [
addition, another traditional safety measure is to reduce the speed and motion of the robot
arm when human workers are close to the robot &Bn1]. This precautionary approach
aims to eliminate potential risks to the human worker by ensuring that the robot arm operates
at a safe speed. However, the distance at which these robots will slow down and the distance
at which they will stop will vary depending on the scenario in which the robot is used.

Physical barriers reduce the risk of accidents by maintaining a certain distance between
robots and humang]. While the application of such barriers is a simple safety measure,
reducing the speed and movement of the robot arm offers the advantage of allowing the
worker to continue working while ensuring their safe®p,[1]. The important point here,
however, is that physical barriers limit the interaction with the robot, resulting in reduced
productivity and potentially longer production times and higher costs.

As cobots have become widespread in industry, safety measures to cover dynamic
interactions have been redesignéd][ In addition, international safety standards such
as ISO TS 1506645] have been established. Furthermore, in the early design stages of
collaborative robot systems, risk assessments are performed to evaluate the safety of the
system 121]. In addition, to enhance the safety of HRC, mixed perception approaches can
be used, providing additional information to the robot's perception [133].

2.2.6 Safety Zone Calculations

Safety zone calculations for industrial robots are essential for preventing accidents and
ensuring safe operations around robot systems. Static calculations, often guided by standards
such as ISO 13855 (see Table 2.1), involve determining xed safety distances based on the
robot's reach and the time it takes for the robot to stop once a hazard is detected. These
calculations consider factors such as the robot's speed, the detection capabilities of safety
sensors, and the robot's stopping performance.

Dynamic calculations, however, introduce added complexity by accounting for variables
that change over time, such as the movements of both the robot and human operators.
This involves real-time data and advanced algorithms to continuously monitor and adjust
safety zones. Dynamic systems can respond to varying speeds, directions, and unexpected
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behaviours, providing a more exible and responsive approach to maintaining safety in
environments where robots and humans interact.

The concept of dynamic safety zones has been introduced to enhance the safety of shared
human-robot workspace%17]. This concept replaces physical fences with virtual safety
zones while monitoring the distance between the human and the robot. The concept has been
further enhanced by introducing 3D safety zones with safety functions. This allows for the
dynamic switching of zones to minimise the allowed human-robot distdricg [Virtual
safety zones will be examined in detail in Section 2.5.

A range of studies have explored safety area calculations for robots in human-robot
interaction. Secil et al.1[64 developed a real-time distance calculation framework using
skeletal tracking, while Mayyas et all26 proposed a fenceless obstacle avoidance method
based on a two-dimensional dynamics model. The model predicted the relative position
between a robot's end-of-arm tooling and an approaching object, updating a cost function
to indicate collision severity. Both studieg4, 126 aimed to ensure safe human-robot
interaction in various settings. Kulic et al1l(4] introduced a real-time safety strategy,
computing a danger index to minimise impact force during potential collisions.

A range of studies have also proposed alternative methods for ensuring safety in human-
robot collaboration. Rosenstrauch et al.6(] presented a method for segmenting the
operating area of an industrial robot, which can be used to adjust safety periphery systems.
Chen et al. 37] suggests using a distributed distance sensor to track the position and orienta-
tion of the robot in narrow spaces. He et&b] uses the Monte Carlo method to simulate the
working space of a modular service robot arm, providing a visual representation of the robot's
capabilities. Truong et al.1]/5 focuses on human safety in shared workspaces using a
mobile robot, proposing a framework that integrates human detection and tracking algorithms
to create a dynamic social zone for safe robot navigation. Vogel e1&l] introduced a
safety concept for high-payload robots, combining a tactile oor with a projection system to
establish both manually de ned and dynamically generated safety zones.

When AR is used with a robot arm, a virtual safety zone can be set up around a robot
arm. This again necessitates calculations of the size of this zone. Section 2.5 will discuss
this in more detalil.

2.3 Augmented Reality

Various types of reality have been de ned along the spectrum between the real world and
the virtual world as illustrated in Figure 2.4. Virtual Reality (VR) is a computer-generated
simulated experience that immerses users in a virtual environment, separating them from
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the physical surroundings. Augmented Virtuality (AV) integrates real-world elements into
a virtual environment to create a more interactive experience. Augmented Reality (AR)
mixes virtual objects into the real world, enabling users to interact with both real and virtual
elements concurrently6fl]. The Real World is the physical environment where human
interactions occur naturally.

This section examines AR, AR devices and AR software. Section 2.3.1 gives a de nition
of AR. Section 2.3.2 introduces the AR devices used in industry and research. Section 2.3.3
examines the AR software that is generally used to develop AR applications.

Fig. 2.4 Reality-Virtuality continuum [131]

2.3.1 Whatis AR?

Figure 2.4 illustrates the spectrum from the fully physical environment (reality) to fully
virtual environments, encompassing various mixed reality forms like augmented reality and
augmented virtuality in between. Using advanced technologies such as computer vision
and machine learning, AR delivers mixed reality experiences by integrating virtual content
into the real world. AR works on smartphones (see Figure 2.5), tablets or smart glasses or
headsets. AR apps on smartphones and tablets use the device's camera and screen to overlay
virtual objects onto the real world. Smart glasses and specialised AR headsets project virtual
objects directly into the user's eld of view. This allows the user to interact with the virtual
content with eye movements or hands, providing a more immersive experience. AR differs
from Virtual Reality (VR) by facilitating user interaction with digital content in real time
without disconnecting the user from the physical environment.

There are two main approaches for AR: marker-based and markerless. Marker-based AR
involves identifying real objects with cameras on the AR device or image recognition by
scanning various bar-codes or QR codes. This type of AR requires the presence of a physical
object or marker in the real world so that digital content can be overlaid on it. On the other
hand, marker-less AR does not need a marker to be in place. Instead, it relies on location
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