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Abstract

In this thesis I explore the potential of modern Head-Worn Displays for
aiding manual work tasks in the manufacturing industries. In such settings,
workers are already supported by using mobile hand-held devices that show
instructions and enable the worker to document work tasks. However, the
most important disadvantage of hand-held devices is that users need to put
them aside when performing tasks that require both of their hands. The
current generation of Head-Worn Displays promises hands-free usage with
little added complexity and also enables the augmentation of workers’ vision,
thereby supporting the work task in a more effective and efficient way.

For assessing the potential of Head-Worn Displays on factory floors, a se-
ries of studies has been conducted. The studies have been carried out directly
on the production line of a German car manufacturer together with workers
or in-lab, depending on the study goals. Together with workers and managers
in the industrial settings we identified two work tasks whereby support for
Head-Worn Displays showed good potential for increasing productivity, qual-
ity and worker comfort. The Head-Worn Display support was improved in an
iterative manner within a Human-Centred Design approach.

The thesis contributes with experiences on introducing Head-Worn Dis-
plays in real world settings and for long time periods. The recorded productiv-
ity increases attributed to the Head-Worn Displays are discussed, along with
worker and manager feedback. For long-term use on a factory floor, extending
battery operating time was found to be of central importance. CPU and Cam-
era were identified as the most energy consuming devices and an approach
to address that is presented. A benchmark suite is introduced to enable de-
signers, developers, and project managers to make informed decisions when
selecting Head-Worn Displays. Finally, a theoretical discussion of Head-Worn
Displays is presented by situating them in a sense-based Augmented Reality
taxonomy, I proposed.
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Sammanfattning

I avhandlingen utforskar jag huvudburna skärmar, som bärs som glasögon,
och deras möjlighet att stödja manuella arbetsuppgifter inom tillverknings-
industrin. Fabriksarbetare har redan idag stöd av mobil handhållen utrust-
ning som ger instruktioner och ger arbetare möjlighet att dokumentera sina
arbetsuppgifter. Handhållen utrustning har dock den stora nackdelen att an-
vändaren behöver lägga ifrån sig den för att kunna utföra arbetsuppgifter
med båda händerna. Den nuvarande generationen huvudburna skärmar ut-
lovar enkel användning oberoende av användarens händer och de möjliggör
även visuell förstärkning, vilket skulle kunna stödja arbetsuppgifterna på ett
mer ändamålsenligt och effektivt sätt.

För att utvärdera potentialen i huvudburna skärmar för användare på fa-
briksgolven har en serie studier genomförts. Studierna har gjorts dels med
fabriksarbetare i produktionen hos en tysk biltillverkare och dels i labbmiljö,
beroende på syftet för varje studie. Tillsammans med arbetare och arbets-
ledare inom industrin identifierade vi två arbetsuppgifter där huvudburna
skärmar har stor potential att öka produktivitet, kvalitet och arbetskomfort.
Den huvudburna skärmens stöd förbättrades iterativt genom en process som
följer "Human-Centred Design".

Avhandlingen bidrar med erfarenheter från att introducera huvudburna
skärmar i riktiga användningssituationer och under långa tidsperioder. Den
dokumenterade produktivitetsökningen som kan kopplas till de huvudburna
skärmarna diskuteras tillsammans med feedback från arbetare och arbetsle-
dare. En viktig aspekt som kom fram var att huvudburna skärmar behöver
bättre batteritid för att kunna användas på fabriksgolvet under lång tid. CPU
och kamera identifierades som de mest batterikrävande delarna och ett sätt
att adressera detta presenteras. Ett benchmarkingverktyg introduceras även
för att möjliggöra för designers, utvecklare och projektledare att ta välgrun-
dade beslut vid val av huvudburna skärmar. Slutligen diskuterar jag hur hu-
vudburna skärmar kan klassificeras i relation till de sinnen som används i en
förstärkt verklighet (Augmented Reality) och föreslår en taxonomi för detta.
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Chapter 1

Introduction

The first approach to put active screens directly in front of the users’ eyes was
described in a patent published in 1945 [39]. It describes a Stereoscopic television
apparatus, spectacles with two small cathode ray tubes (as used in old televisions),
each directly in front of one eye. While in 1943, when the patent was filed, its
inventor did have watching television in mind, only 25 years later, the first so-called
Head-Mounted Display (HMD) was realised by Ivan E. Sutherland [59], displaying
computer-generated three-dimensional objects.

Many researchers inside and outside of companies started to work with HMD in
the next quarter century, but the devices had their breakthrough when Google Inc.
announced Glass (see Figure 1.1), about 70 years after the first patent on HMD was

Wink Detection Unit
Camera

Display Unit

Computing Unit

Hardware Button Shutter

Touch Pad (facing away) Bone Conduction Speaker

Battery

Figure 1.1: The Head-Worn Display Google Glass and its basic components.
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filed. Google Glass is a device which can be worn like prescription glasses, weighing
less than 45 g, but being able to render three-dimensional objects and displaying
them in real-time (instead of only functioning as a private television device). They
can be worn as simple as common glasses, an attribute which makes them different
to previous HMD, hence, they are also called Head-Worn Displays (HWDs).

As shown in Figure 1.1, Google Glass contains a display unit, a camera, a
computing unit (including connectivity interfaces like Bluetooth), a speaker and a
battery. Together with input devices, these are the basic components of any HWD.
For directly interacting with Google Glass, its designers included a wink detection
unit, a button functioning as shutter (i.e. triggering the camera) and a touch
pad on the outer surface of the computing unit. Using the included microphone
its Operating System (OS) Android also enables the user to interact via voice
commands.

Even though the concept of HMD is known since about 70 years, there has been
little applied research in how to support workers via HMD. This is even more the
case when it comes to HWDs, as this modern type of HMD is available since less
than five years. Furthermore, the use of the devices currently is still restricted by
hardware and software issues.

In this thesis, a multiphase project is described, in which several software proto-
types were developed within studies in direct cooperation with workers of the Final
Check division of the AUDI A8 production line and engineers from the Electrics
/ Electronics Start-up and Analysis Centre A8, of AUDI AG in Neckarsulm, Ger-
many. To ensure the integration of HWDs in factory processes with high usability,
we applied the Human-Centred Design (HCD) process as described in [2]. The
resulting prototypes could also be tested directly in-factory by workers.

The main aim of these studies is to explore the potential of HWDs in the in-
dustry. Therefore we performed research in three phases:

• Phase I focusses on introducing different HWDs into the Final Check division
of the AUDI A8 production line. We aimed for getting a first understanding
of what the users and other stakeholders expect and need, but also to explore
what is possible with currently available devices. In this phase three studies
in two subdivisions using two HWDs were performed. One of the selected
HWD is capable of visually augmenting the user’s environment.

• In Phase II we reflected upon the main issues that factory workers and our-
selves experienced when using the device. In this phase, one study is pre-
sented using one HWD. We selected heat development and battery lifetime
to be addressed by adjusting one software prototype from Phase I.

• In Phase III we designed a benchmark suite, because we, as developers, faced
the task of choosing the most suitable device for each project. This can be
testing devices from our hardware pool or selecting a device to buy, based
on tests others performed. The suite aims to empower professional users,
like developers, designers, or project managers, to quickly make an informed
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decision about which hardware to work with in their project. The benchmark
suite is developed in one study using two HWDs, one of them capable of
visually augmenting the user’s environment.

1.1 Research Objective

The objective of the thesis is to explore the possibilities and limits modern HWDs
open up for industrial applications for worker support and to empower designers,
developers and other decision makers in the described set-up. This can be split up
into the following general research questions (RQ) and particular research questions
which are related to the set-up of AUDI AG or related to this set-up:

RQ 1: What can be achieved with Head-Worn Displays of the current generation?
HWDs today are powerful devices, able to render complex three-dimensional
objects, or to run highly complex image processing. The potential of these
modern devices hence need to be assessed.
For the set-up of car manufacturing as it is described in this thesis, the
particular research question is:
What can be achieved with Head-Worn Displays of the current generation
in the set-up of a car production line?

RQ 2: What challenges do researchers, developers, and designers face when work-
ing with Head-Worn Displays? Most currently available HWDs are sold
as part of a developer kit, as it is a new kind of device. New technologies
often show some weaknesses, which need to be addressed either by the
manufacturer or the professional users (i.e. researchers, developers, and
designers).
In the described industrial environment, the production line of vehicles,
the related research question is:
What challenges do researchers, developers, and designers face when work-
ing with Head-Worn Displays for designing software solutions for industrial
usage?

RQ 3: How do workers experience the support of Head-Worn Displays?
Ongoing controversy on the usage of HWDs in public places indicates that
introducing this technology in work environment might require sensitivity
to how users perceive themselves and others who are using HWDs at the
work place. Also, to optimise the usability of the software running on the
HWD, the advantages and disadvantages from a user’s point of view need
to be observed.
For developing software for the car production line the according particular
research question is:
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How do the workers at the car production line experience the support of
Head-Worn Displays?

1.2 Methodology

In this section, the research approach and methods used in the studies are described.
Therefore, I first go into the details of the overall approach, which puts the studies
being part of this thesis in relation to each other and then describe the general
approach of the single studies. Second, I describe the methods used for getting
data about the context of use and the user requirements which lead to design
solutions.

Iterative Approaches
Iterating Between Studies

Two of the three papers, included in this thesis, are part of an ongoing series of stud-
ies conducted in cooperation with the Electrics / Electronics Start-up and Analysis
Centre A8 of AUDI AG1, Neckarsulm, Germany, and workers of the production
line.

Within these studies we explore potential application fields for HWDs. Based
on the conclusion which we could draw in the end of each project, we decided what
problems we want to address in the next iteration (i.e. the next project), to answer
the underlying research questions. While in Paper I the exploration of a potential
area of application of Google Glass (exemplary for HWDs) is described, Paper II is
addressing the main HWD problems that we faced in all studies conducted before,
and Paper III presents an approach to address a problem which emerged slowly
over several iterations.

Iterating Within Studies: Human-Centred Design

For the studies performed in the factory we included several stakeholders in all
tasks from the very beginning. We involved experts on the plant who provided us
with necessary resources, access to a virtual machine simulating the backend infras-
tructure for accessing car related information, their expertise and the possibility to
conduct investigations on the approaches to solve tasks, interview workers and also
try out the tasks on our own.

We applied the Human-Centred Design (HCD) approach, as described in ISO
9241 Part 210 [2] (see Figure 1.2), in all studies in which we developed applications
for users (without special interest in technology). The HCD aims to include all
stakeholders in the development process.

Frequent meetings with the staff from the Electrics / Electronics Start-up and
Analysis Centre A8 gave us the opportunity to discuss issues and further course of

1https://www.audi.de
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Plan the human-
centred design process

Understand and specify 
the context of use

Specify the user 
requirements

Produce design solutions to 
meet user requirements

Evaluate the designs 
against requirements

Designed solution meets 
user requirements

Iterate where 
appropriate

Figure 1.2: The Human-Centred Design process (after [2]).

action in an unstructured manner, but directly with the experts on-site. In these
meetings decisions made and problems which came up since the last meeting were
presented. Besides valuable input about the technical structure of the plant, these
meetings were important for developing ideas as close to the reality as possible and
hence were our main method to guarantee applied research.

Based on the availability of the workers, the data acquisition was performed.
For this we chose two methods, Thinking-aloud and Expert Evaluation described in
the following section.

Data Acquisition

Thinking-Aloud

We used Thinking-aloud as main method to acquire user related data in Phase I (cf.
Paper I) and Phase II (cf. Paper II). Especially, as the members were changing
from project to project, this method is interesting for us.

For Thinking-aloud the usability professional asks users to perform their tasks
as usual, but to express what they do and why they do it that way [47]. In Nielsen’s
Book Usability Engineering [46] he states ‘Thinking aloud may be the single most
valuable usability engineering method’ and in [47] he emphasises that he still stands
to this assessment. Extending the list of [1] Nielsen also describes the advantages
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and disadvantages, we applied to our use cases and concluded that the advantages
outweigh the disadvantages. Thinking-aloud is:

Cheap It can be conducted everywhere and without special preparation,

Robust it is a qualitative method to acquire data and small deviations
from the ‘protocol’ still lead to reasonable findings,

Flexible it can be used in any stage of project and with any interface one
can think of,

Convincing users have the chance to describe what they think, hence usability
professionals tend be convinced that there is a need for changing
something more easily, and

Easy to learn it can be trained best by doing after learning about the basics.

We were aware of the disadvantages listed below:

Unnatural situation Thinking-aloud may end up in a monologue which can
feel weird to the participants. We tried to encourage the
workers to keep up the monologue by asking questions,

Filtered statements it might lead to participants trying to reflect what they
are doing and saying. The interviewer can remind the
user to keep going, so that there is no chance to reflect,

Biasing user behavior it may lead to a change in behaviour. Nielsen explains
that this especially is a problem of inexperienced investi-
gators, and

No panacea Not every inquiry can be conducted using Thinking-aloud.
Before choosing it, also other methods should be taken
into account.

From our experience it is easy to conduct and could be executed by any member of
the project team. We also believe that it is important to be aware of the disadvan-
tages of this method and potential approaches to overcome according situations.

Expert Evaluation

To evaluate the User Interface (UI) of the currently used hand-held terminal, we
decided to employ Expert Evaluation. Due to restrictions from the environment,
for example the need of not delaying or interrupting the production or decreasing
the quality of the work, a traditional Expert Evaluation on the live-system could
not be conducted. It was not possible to test the UI and the interaction in the
real work setting. Hence, we decided to choose a user-supported version, in which
developers from our team are executing work tasks while the user is standing aside
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for support or to intervene if the expert cannot defer the right action. The analysis
followed a Master-Apprentice Model, in which the user took the role of the master
(mentor) and the expert assumed to role of the apprentice.

In [1] among others, the following advantages of this method are listed. The
explanations and the relation to our use cases are added by myself.

Quick to conduct An Expert Evaluation basically requires at least one
expert who is going through the current UI and evalu-
ates the identified problems to principles of interaction
design (e.g. the heuristics by Nielsen [46]). The ex-
perts in our use cases were always developers from our
team.

Early stage method It is a method used in the beginning to acquire enough
data about the current status of system. We used this
method in the very beginning of each project to get
an understanding of what the users are working with
today.

Problems with Solutions The expert is able not just to identify problems, but
also recommend solutions, based on his / her experi-
ence. We used this inspiration as basis for the subse-
quent reflective discussion.

Even though this method was of prior importance for us, as we were restricted
by the requirements of the production (e.g. sustaining the level of production),
experiencing the tasks as a developer from my point of view is relevant. It can
expose the hidden cognitive workload of recurring tasks and hence help to generate
empathy and understanding for the worker, his / her task and the problems he
/ she is facing. Hence, the complexity of work tasks which do not appear to be
complex when explained only in word, can be communicated by experience, so the
developers understand the importance of, for example, guiding workers in certain
tasks.

1.3 Contributions

As main contribution this thesis provides answers to the research questions defined
in Section 1.1:

• RQ 1: What can be achieved with Head-Worn Displays of the current gener-
ation?.
To provide an answer to this question two application areas were explored to
show the possibilities and limits current HWDs have in industrial environ-
ments.
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See Paper I and Paper II in Section 1.4 and Phase I and Phase II in
Chapter 3.

• RQ 2: What challenges do researchers, developers, and designers face when
working with Head-Worn Displays for designing software solutions for indus-
trial usage?
We explored challenges researchers, developers and designers face when work-
ing with HWDs for industrial usage, to find answers to RQ 2. We could find
the need for possibilities to assess and compare HWDs to make informed
decisions when selecting hardware.
See Paper III, in Section 1.4 and Phase III in Chapter 3.

• RQ 3: How do workers experience the support of Head-Worn Displays?
To provide an answer we could explore what kind of support workers expect
from HWDs and what other requirements they have.
See Paper I and Paper II, in Section 1.4 and Phase I and Phase II in
Chapter 3.
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1.4 List of Papers

In this section, the papers included in this thesis are listed and the contributions
are clarified.

Paper I: S. Rauh, D. Zsebedits, E. Tamplon, S. Bolch, and G. Meixner. Us-
ing Google Glass for mobile maintenance and calibration tasks in the
AUDI A8 production line. 2015 20th International Conference on
Emerging Technologies & Factory Automation (ETFA). Washington,
DC, USA: IEEE, p. 1-4.

This paper describes an approach to apply HWDs to the task of calibrating
the Driver Assistance System Testing Bay, in which the Driver Assistance System
of each vehicle is adjusted. The main aim is to replace the paper-based work
instructions. We could also validate findings identified in preliminary work. These
are the high acceptance rate of HWDs among workers and issues with battery
runtime and fast overheating. I have contributed to this paper by leading the
writing but also by defining work tasks and conducting the development process
and the evaluation of the results. The third and fourth authors contributed by
implementing the application, while the other authors contributed to the writing.

An extended version, describing the results and insights available in Phase I, is
published in a German journal: S. Rauh., G. Meixner, S. Bolch. Fahrzeugendkon-
trolle mittels Smartglasses optimieren. In atp edition, Vol. 57, July 2015, p. 70-77.

Paper II: S. Rauh, D. Grauf, S. Schwager, S. Bolch, and G. Meixner. Optimis-
ing energy characteristics of Head Worn Displays for active use in fac-
tory environments. 2016 8th International Congress on Ultra Modern
Telecommunications and Control Systems and Workshops (ICUMT).
Washington, DC, USA: IEEE, p. 219–224.

In this paper, steps are taken to extend the runtime of HWDs without recharg-
ing or external power supply. These two problems were the main cause preventing
an extended user test. We were able to extend the device’s runtime by about 120 %.
In addition, in this paper, the added value of replacing a hand-held terminal with a
HWD for instructing workers was analysed. I contributed to this paper by defining
work tasks and conducting the development and evaluation process. Also, as first
author I lead the writing. The second, third and fourth author mainly contributed
by implementing the application, while the last authors contributed to the writing.

Paper III: S. Rauh, B. Chi, C. Bogdan, and G. Meixner. Development and Evalu-
ation of a Benchmark Test Application for Android-Based Head Worn
Displays. SUBMITTED to the 2017 19th International Conference on
Human-Computer Interaction with Mobile Devices and Services (Mo-
bileHCI).
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The paper presents an approach to benchmark different HWDs, to enable pro-
fessional users to make an informed decision about which HWD is the most suited
for their use case. In the paper the development process of the benchmark tool
is described and the prototype is tested with two different HWDs. I am the first
author of the paper and contributed to the work by defining the benchmarking
and the research question. I also conducted the development. The second author
mainly contributed by implementing, while the third and fourth author contributed
to the writing.

1.5 Work not Included in the Thesis

In the last years I also published work, related to this thesis, but not directly con-
tributing to it. Still, it helped to make up my mind about the limits and possibilities
of Wearable Devices and especially HWDs.

S. Rauh. Conceptual Design and Proof of Concept of a Head Worn Display based
eLearning system. Poster at 2015 Electronic Display Conference (EDC), Nurem-
berg, Germany.

D. Zsebedits, S. Günter, G. Meixner, and S. Rauh. Unterstützung eines manuellen
Verwiegeprozesses per Smartwatch. In S. Diefenbach, N. Henze & M. Pielot (Eds.),
Mensch und Computer 2015 – Proceedings. Berlin, Germany: De Gruyter Olden-
bourg, p. 379–382.



Chapter 2

Theoretical Background

In this chapter the relevant concepts for this thesis are explained. First, the term
Head-Worn Display (HWD) is described and its concept is introduced. Many HWDs
give the opportunity to directly superimpose reality with virtual objects. Therefore
the concept of Augmented Reality (AR) is introduced and characterised along with
a definition of multimodality. In this section, a sense-based taxonomy of AR, the
Dimensions of AR, is also introduced and some examples for AR in work environ-
ments are given. As HWDs are mobile devices, in the third section known work on
extending the runtime of mobile devices is listed.

2.1 Head-Worn Displays

HWDs are part of the group of Head-Mounted Displays (HMD). The term is used
for example by Vuzix Corporation to distinguish the current generation of HMD
from their predecessors [62]. Older HMD usually have to be extensively adjusted,
to guarantee a good user experience. Therefore, several adjusting screws have to
be set by the user. For untrained users, in addition, a second person might be
needed to adjust the device. The current generation can instead just be put on like
a normal pair of glasses and needs little adjustment.

The capability of HWDs, if restricted to the display unit, is mainly charac-
terised by resolution and refresh rate (as for common displays), but also Field of
View (FoV). FoV can be understood as the experienced screen size, but it is a
relative measure as it depends on how far away the user perceives the image. As
with conventional screens, this value is usually describing diagonal measure. For
illustration purposes in Figure 2.1 the horizontal FoV is shown. The FoV of one eye
(characterised by the opening angle β, in green) is compared to the FoV of a HWD
(characterised by the opening angle α, in orange). β was estimated by myself, as
it is only used to depict human FoV.

The first HMD was realised in 1968 [59] by Ivan E. Sutherland. He called it
Sword of Damocles as it was hanging from the ceiling, floating above the users

11
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HWD

Perceived Display

α
β

XEYE

Figure 2.1: Field of View.

Figure 2.2: Optical See-Through technology for Head-Worn Displays (after [10]).
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Figure 2.3: Video See-Through technology for Head-Worn Displays (after [10]).

head. Another important milestone in the history of HMD was the NASA Virtual
Interface Environment Workstations VIEW, which combined a HMD with smart
gloves [23]. For the contemporary spectator, this system looks very similar to
modern Virtual Reality (VR) headsets. In December 1988, Private Eye P4 was
released by Reflection Technology [34]. This HMD offered one monochrome display
on the lower edge of the users FoV. As it was available without restriction the
technology became accessible to many developers and researchers and therefore
several explorative applications (see e.g. [22, 14, 21]) were developed. The example
of Private Eye shows how fast developers and designers adopt new technologies
when they are empowered to explore a certain kind of hardware and its possibilities
and limits.

Unlike Private Eye, many HWDs have See-Through capability, for example
to enable AR applications. Two kinds of See-Through technology for HWDs are
classified by [10]:

• Optical See-Through technology – Usually a semi-transparent mirror
(STM) plane together with a display, laterally attached, forms the semi-
transparent display unit. As shown in Figure 2.2, the user still can perceive
the reality through the display element, but the system is able to superimpose
any kind of graphics, rendered by the attached computing unit.

• Video See-Through technology – As shown in Figure 2.3, a camera cap-
tures the reality and transfers the image to the computing unit, which ex-
tends it with virtual content. The final image then is displayed in the non-
transparent display in the users FoV.

It also is of importance if the HWD has one (monocular) or two displays (binoc-
ular). A prominent representative of monocular HWD is Google Glass (see Fig-
ure 1.1), having one display on the upper edge of the users’ right eye’s Field of
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Display Unit (incl. Eye Tracking)

Camera

Computing Unit

Battery

Control Buttons (at lower site)

Optical Touch Pad

Figure 2.4: The Recon Jet.

View. The Epson Moverio BT-200 (see Figure 2.5) stands for the group of binoc-
ular HWD.

In the presented work we use one monocular optical See-Through device (Google
Glass, see Figure 1.1), one monocular HWD capable of video See-Through, thus
equipped with a non-transparent display and camera (Recon Jet, see Figure 2.4) and
one binocular optical See-Through HWD (Epson Moverio BT-200, see Figure 2.5).

2.2 Augmented Reality

HWDs open up room for new ideas and concepts. One of these concepts is AR.
According to Milgram and Kishino AR is part of Mixed Reality (MR) [43] (see
Figure 2.6). MR is defined by the reality-virtuality continuum bounded by reality
and virtuality and including AR, but also Augmented Virtuality (AV). Within these
borders, the boundaries are fluid, as the augmentation of reality with virtual objects
and the one of virtuality with real objects can be hard to distinguish. A MR system
also can be a combination of both, AR and AV.

In contrast Azuma states that AR ‘is a variation of Virtual Environments (VE),
or Virtual Reality as it is more commonly called.’ [6] Azuma anyway agrees on
Milgrams definition of Virtual Reality as a completely virtual, hence artificial, en-
vironment. The contribution of Azuma is the definition of three mandatory char-
acteristics which have to be fulfilled for AR. These are described as:

• ‘AR Systems combine real and virtual world’ – In AR the real world
is enhanced by using artificially generated or recorded signals.



2.2. AUGMENTED REALITY 15

Display Unit

Touch Pad
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Control Unit (incl. Battery and Computing Unit)

Hardware Buttons

Figure 2.5: The Epson Moverio BT-200 with control unit.

Mixed Reality (MR)

Real 
Environment 

(Reality)

Virtual 
Environment 

(Virtuality)

Augmented
Reality (AR)

Augmented
Virtuality (AV)

Figure 2.6: The reality-virtuality continuum (after [43]).

• AR Systems ‘are interactive in real time’ – Users are able to interact
with the system directly and it respond immediately1.

• AR Systems ‘are registered in 3-D’ – For augmentation, the environment
is detected in all three spatial dimensions.

This definition is not bound to specific hardware and therefore emphasises the
concept of AR.

In the last two decades, AR (as well as VR) was of research interest, but was
never sophisticated enough to serve as consumer technology. Even today, most

1Immediately here means that the AR System responses fast enough that for the user the
response appears to be immediately.
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devices are not intended for consumers, but serve as design example to explore
the potentials of HWDs. Compared to VR, for which consumer versions of several
devices and related software are available (e.g. Oculus Rift [3] or Playstation VR
[56]), for AR no such system is currently available.

While HMD were introduced to the scientific community as early as 1968, AR
as one of the basic concepts making use of them, had to wait until 1990 to become
defined. The Wire Bundle Assembly Project at Boeing [44] was one of the first and
road opening projects in the early time of AR. In the project, the requirements
asked for an extended support for workers assembling the cable harness of planes.
Thomas Caudell and David Mizell came up with the idea of using an optical See-
Through device to augment the formboard (on which the harnesses are assembled)
with the bundle diagram. Also [32] states that within this project, Thomas Caudell
coined the term of AR the first time.

In 1992 [8] described a medical system which can be used for augmenting a pa-
tient with ultrasound images in real-time. They exemplified their idea for pregnant
women, but list areas in which, they believe, this technology also will make sense:

• Vision in surgery – general use of ultrasound images in surgery, extending
the selected application, the pregnancy augmentation. For example this can
be the improvement of the visualisation of arteriosclerosis of the carotid artery
(one of the arteries supplying the head and the neck with blood).

• Burning buildings – Fire fighter support using close-range radar for im-
proved sight. With such a system, the fire fighters are enabled to see ‘through’
smoke or even what is behind a wall. Also the floor plans can be displayed.

• Building geometry – Display of geometric or other structural information
(e.g. building plans). This can be used for many different areas of application,
for example, as described, for supporting fire fighters, but also to explore
three-dimensional models.

• Service information – Showing instructions for service technicians, for ex-
ample by augmenting the mounting area for a switching unit (e.g. relay) with
a step-by-step installation instruction.

• Architecture on site – Preview of ideas and conceptual design on-site.
Architects and their customers can get a better understanding of what the
construction will look like with a system like this.

Looking at this enumeration with the eyes of a today’s computer scientist shows
that there is room for extension and / or redefinition. In the following list, I present
known possible areas of use for AR.

• Medical AR & image-guided surgery – Besides using material of ul-
trasound imagery [8] any other medical imaging method can be used (e.g.
[18], [28]) for generating overlays for better patient treatment. Medical AR
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does not have to be only used in surgery, but also in training or for patient
empowerment (e.g. described by Alamri et al [4]).

• Worker support – ‘Service Information’ but also any kind of worker sup-
port beyond (e.g. as described in Paper I and Paper II or by Henderson
and Feiner [27] and Baird and Barfield [7]). This for example can be text
instructions, indoor navigation, work order management, etc.

• Direct instruction by remote support – The on-site technician streams
the video captured with his device to a specialist (e.g. in a service centre)
who uses the stream to augment the on-site technician’s view, as described
e.g. by Azpiazu et al. [5] or for the Remote AR App [42].

• Entertainment and games – Any kind of application primarily intended to
entertain the user. This can be games, but also interactive media, registered
in 3D. A prominent example is the AR game Ingress2.

• Collaborative work scenarios and remote participation – People in dif-
ferent places can work together on one task by e.g. seeing each other or being
able to manipulate virtual objects or their physical representation (physical
telepresence as described in [33]) together. This includes the ‘Architecture on
site’ listed by [8].

• Education – Augmenting the real world (e.g. art pieces) with information
of educational value can be used to enable students of any age to get access
to knowledge while exploring phenomena on real objects, e.g as sketched in
Scenario 1 in Paper 3.

• Navigation and guidance – Guide users while driving a car, riding their
bike, walking or visiting a public building using various information. The
simplest way to guide the user would be superimposing the real world with
arrows pointing were to go next, as it was realised by Jun Rekimoto [54] or
in the Wikitude Navigation App3.

Multimodality and Multimodal Interfaces
AR is multimodal. That is, the output of an AR system can be visual, but also
haptic or auditive, or a combination of these modalities. In addition, there are many
possibilities of interacting with an AR system, e.g. gestures, voice-recognition or
hardware buttons.

Coutaz et al. define a modality as ‘an interaction method that an agent can
use to reach a goal’ [17]. Hence, multimodalty describes a collection of modalities
serving the same purpose. They introduce CARE properties (Complementarity,

2https://www.ingress.com/
3https://www.wikitude.com/showcase/wikitude-navigation/
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Assignment, Redundancy, Equivalence) to characterise and assess aspects of mul-
timodal interaction. For multimodal interactive systems the CARE properties are
equivalent to what properties like observability, consistency or pre-emptiveness are
for single-modal interactive systems.

According to [11], multimodal interaction is ‘interaction with the real and phys-
ical environment through natural modes of communication’. These modes are for
example speech or handwriting. In contrast to the CARE porperties, this definition
emphasises the need to design bidirectional multimodal interaction (i.e. human-to-
computer and computer-to-human) close to human-to-human interaction.

All HWDs currently available offer multimodal input (e.g. Google Glass: speech
detection, wink detection, voice recognition and touch-pad) and output (e.g. Google
Glass: audio and visual output). Also, a multimodal output device, called The
Ultimate Display was sketched by Ivan E. Sutherland in a design fiction [58] in
1965. He states that the display ‘should serve as many senses as possible’. This
statement and my definition of the Dimensions of AR in the following section,
emphasises the relevance of multimodal approaches in AR.

Dimensions of Augmented Reality
To understand the role of HWDs in AR it is important to know, that people who can
make use of all their senses without impairments, rely on their vision in everyday life
[12, 19, 50]. More than 80 % of our environment we perceive visually (cf. Figure 2.7).
This can be considered to be one of the reasons, why for all modern interactive
systems (without special requirements) the output method of choice is visual. As
it can be retrieved from Figure 2.7, hearing is the next most important sense we
use to perceive our environment. Hearing often is underestimated and hence often
‘considered secondary to sight’ [19]. But still many applications acknowledge this
sense, by combing visual output with audio output, e.g. to generate ambience.
All other senses, touching, smelling and tasting together have a share of less than
10 % and therefore often are overlooked by developers. In contrast to [12], in [19]
touching is listed third, while tasting and smelling are unmentioned. This might be
because of the high complexity of the olfactory and gustatory senses (see below),
which makes it hard to acknowledge them in interaction concepts.

In the following list I define six dimensions of AR by the (main) communication
channel (inspired by [29]). I use examples and short scenarios to explain my classi-
fication and to show the need of such a classification system. The list is also based
on experiences from the Workshop Touch, Taste, & Smell User Interfaces: The
Future of Multisensory HCI [48] held at the 2016 Conference on Human Factors
in Computing Systems (CHI).

• visual Augmented Reality (vAR) – AR is often realised using hand-
held devices, projection or HWDs. The key feature of these devices is the
display. Hence, most of the implementations including HWDs are focused on
augmenting the real world visually.
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Figure 2.7: Perception share of the five human senses (after [12]).

Prominent vAR examples are the Wire Bundle Assembly Project at Boeing
[44] and the ultrasound imagery project by [8].

• audio Augmented Reality (aAR) – An aAR System is a system which
mainly relies on the augmentation of the sense of hearing.
One prominent example is the system The vOICe4 which is scanning camera
images and transferring it to an ‘auditory image representation’. Proposed
in 1992 [40] it still is a subject of research (e.g. [31, 57]). In [9] a location
sensitive museum audio guide is described which enables the viewer to get
information about a certain exhibit by staying in the close proximity. Also,
the potential of such a technology is described.

• haptic Augmented Reality (hAR) – hAR systems are focused on aug-
menting the sense of touch to create a more realistic experience.
A haptic system is proposed by Maeda et al. consisting of a sensing device at
a finger and a haptic actuator worn at the wrist [38]. It is designed not just

4https://www.seeingwithsound.com/
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to enhance haptic experiences, but also to create new haptic experiences or
share them. Another example is suggested by Jeon et al. [30]. They describe
a system for medical training, focusing on breast cancer and how the stiffness
of human tissue can be a cue for malignant transformations. Therefore they
use a silicone model for simulating healthy breast tissue and a haptic device
for augmenting it with malignant tissue.

• olfactory Augmented Reality (oAR) – The sense of smell relies on com-
plex biochemical processes and a multitude of chemical agents. The artificial
generation of these agents and the stimulation of the involved senses, based
on current state of the art, can be very confusing for the user, as either the
the smell is artificial or it is close to the expected smell, but not close enough.
This phenomenon is described using the concept of the uncanny valley, which
has been initially introduced by Mori in 1970 for human-like robots [45], but
today is used to explain this phenomenon in many fields. It might be sup-
ported by the fact that the removal of arbitrary smells is very limited, as it
only can be achieved by completely overlaying other scents.
In [13] interacting with the sense of smell is explored by using the Scentee
device. This small olfactory display can be plugged into the audio socket
of iOS-based smartphones, to control the release of one selected scent. The
scents currently are based on perfumes and essential oils.

• gustatory Augmented Reality (gAR) – As with smell, taste underlies
the phenomenon of the uncanny valley, as it again is a highly complex bio-
chemical subject. The uncanny valley already has been described for virtual
food experiences [60]. The Project Nourished5, also gives an impression how
complex the realistic simulation or augmentation of the eating experience is.
The effect of the uncanny valley here is multiplied as what people understand,
when they talk about taste, is not reduced to the signals of the gustatory cells
of the tongue. They expect a certain look, smell, temperature and also tex-
ture and consistency of food and beverages. Even the appearance of cutlery
influences the perceived taste [25]. Hence, gAR-only experiences will be rare.
This is a quite unexplored field of research and there are not many examples.
For instance, there are digital taste synthesiser simulating sour taste, like in
[51] and further developed in [52].

• multisensory Augmented Reality (mAR) – mAR describes the combi-
nation of two or more dimensions of AR without a clear focus on one of them.
The term covers all combinations of AR dimensions (e.g. the haptic-visuo AR
described in [29]).
The embodied sculpting experience system Milo [55] combines visual, audio
and haptic feedback in a way that they are on the same level of importance.

5http://www.projectnourished.com/
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Sculpting is a visual, auditive and haptic process, and while covering the
object with the tool (or the hand), the senses of touch and hearing are used
to regulate the sculpting process. In [53] a spoon and a bottle for synthesising
taste are proposed. The colour of the devices is employed to influence the taste
of the beverages in the bottle or the food eaten with the spoon.

In contrast, if one channel is the main channel, that is, there is a predomi-
nant channel used for communicating the information and the others are only
supportive, the AR solution should be assigned to the main dimension. Let
us consider a short scenario for that case: If a vAR solution is used to overlay
a room with jungle plants in which the user has to orientate himself / herself
to solve tasks, the sense of hearing can be augmented with sounds and music
to generate more ambience. Following my definition, the described solution
is not considered to be mAR, but rather vAR.

Augmented Reality in Work Environments

Introducing new concepts and technologies into work environments often is limited
by the economic needs of manufacturers, like keeping up the productivity level.
Researchers and developers therefore often run model factories (miniaturised and
partly simplified copies of real production lines) to explore early access hardware
or prototypes in a factory-like environment. They are also used to directly explore
how tomorrow’s workplace might look like.

One example is the SmartFactoryKL, as described in [41] in 2010. It was used for
first attempts in AR for interacting with the system. A tablet computer is used for
augmenting information of positioners and also to control them by simple gestures.
For identifying the positioners, markers are placed close to them. With this concept
operators and maintenance staff can retrieve data about plant components and
adjust settings directly on-site.

Paelke describes how to use AR for supporting the assembling of personalised
LEGO figures in such a model factory using a HWD [49]. Each single part is in one
bulk box and the system highlights the corresponding box (Pick-by-Vision), waits
until the user picks one part and then highlights the box containing the next part
needed. The author also mentions that the exploration on how a collaboration of
a human worker and a robot might look like is necessary. The robot can take over
several tasks completely, to reduce workload for the worker, but also can cooperate
with the worker, so they can solve tasks together.

Tang et al. compared paper-based instructions, with computer assisted instruc-
tion (CAI) with a stationary display and CAI using a HWD and AR [61]. They
show proof that with the latter significant reduction of the error rate is possible.
This is a strong argument for introducing AR into work environments. It will raise
the production rate, as less errors occur and, at least equally important, it is a
chance to make up disadvantages in accuracy, awareness, and constant quality of
work, humans have compared to robots.
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AR further has the potential to overcome these disadvantages, enabling workers
to focus on what they are good at: Making decisions based on situational analysis
and improvise if needed. A human has great flexibility, but this flexibility needs
support to fulfil the vision of mass customisation [24]. Also of importance is that
from a socio-political perspective the improvement of human work by assisting
computer systems has the potential to maintain employment rates (or even increase
them) by making human work attractive again in areas that robots already took
over.

2.3 Device Runtime and Mobility

Mobiles devices rely on the capacity of their battery. In contrast to traditional
mobile phones, smartphones not just offer a multitude of new functions, but also
consume much more energy. While traditional mobile phones can last for one
week or even longer, smartphone users usually recharge their devices every or every
second night. The runtime of a battery powered mobile device is not just a problem
in the area of small consumer electronics (as smartphones are), but also for example
in the area of electrically powered mobility.

One contribution to this field is informing about the availability of energy to
encourage the usage of electric vehicles (EV) as studied in [37]. This concept helps
the driver of an EV to reliably estimate the distance which the vehicle can cover
without recharging. Hence, the user can schedule the EVs battery charging phases
better. While this is interesting for battery powered mobile devices, used with
longer and predictable breaks, when a device is supposed to be used over a longer
period of time without recharging breaks, this kind of information plays a secondary
role.

As stated in [16], in case of battery powered mobile devices, it is more impor-
tant to reduce the energy consumption of applications. It is suggested to use the
execution time of the applications code to estimate its energy consumption as it is
shown that the ratio between execution time and energy consumption remains the
same. Code execution time can be easily measured by developers by logging start
and end time.

Also the exact measuring of energy consumption is of importance to understand
the battery drain share of each component of a mobile device. This benchmark-
ing has been conducted for example for smart watches by combining software and
hardware measurements [36] and for smartphones [15]. Also LiKamWa et al. ex-
plore the energy consumption of Google Glass, representative for HWDs [35]. All
three devices are characterised by the components and their energy consumption,
indicating which components have to be used carefully when programming energy
efficient software. Along with the studies in Phase I, for example Wiesner et al.
were also confronted with the high energy consumption of HWDs [63].

Energy-hungry computing hardware leads to heat development, which forces
the system to reduce the maximum CPU load, leading to a less powerful system.



Chapter 3

Studies on Head-Worn Displays for
Work Support

The studies presented in this chapter are performed in series, in two different divi-
sions of the Final Check of the AUDI A8 production line at AUDI AG in Neckar-
sulm, Germany and in-lab. After reflecting on each study, the subsequent study
was designed. The studies are assigned to different phases, in which we addressed
different problems. Figure 3.1 gives an overview about the multiphase project.

The origin of this series of studies lies in the cooperation with the AUDI AG,
Neckarsulm, Germany. Two of the three studies, described in the attached papers,
were conducted directly for their production line. Our goal in the studies, described
in Paper I and Paper II, is to explore possibilities and limits of currently available
HWDs in the area of worker support. Also there has been work, conducted before
Paper I, published in a German conference and in a German journal, describing
the first studies together with AUDI. The goal of the work described in Paper III
is to develop a tool, based on the experience accumulated in the previous studies,
for making an informed choice about HWDs.

3.1 Phase I: Introducing Head-Worn Displays

In Phase I, we aimed for an initial exploration of HWDs in factory environments.
We implemented two applications, one supporting workers in the Functional Check
division and one for weekly calibration of the Driver Assistance System Testing
Bay. Therefore we used Google Glass and Epson Moverio BT-200.

Based on the decision of the technical staff from the Electrics / Electronics Start-
up and Analysis Centre A8, we began to work on introducing Google Glass into the
Final Check division of the AUDI A8 production line. While in the assembly
division, most of the tasks are very simple and repetitive (e.g. installing the roof
lining), in the Final Check, there is a number of more complex tasks. Also there are

23
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Initial Introduction of HWD

HWD for Calibration Tasks 
(Paper I)

Augmented Reality I
(failed)

Optimising Energy 
Consumption (Paper II)

HWD Benchmarking
(Paper III)

Augmented Reality II

Phase I (a)

Phase II

Phase III

Future Work

Phase I (b)

Initial Start-Up and 
Functional Check

Driver Assistance System 
Calibration Bay In-Lab

Solving Main Issues

Verification of Results

Next Generation Hardware

Hardware Selection

Different Hardware

Figure 3.1: Overview of the multiphase project. Papers resulted from the stud-
ies highlighted green are included in the thesis. For studies highlighted in orange,
papers are either not included or the results remain unpublished. The grey high-
lighted box is work in progress. Arrows show the relations between the studies.
Grey text, close to arrows mention the main motivation to conduct the study the
arrow is pointing at.

tasks executed for example once a week and still rely on paper-based instruction
and documentation.

Each of the studies of Phase I are presented and discussed in the following
sections.

Initial Introduction of Head-Worn Displays

As the starting point of our multiphase project, we chose the initial start-up and
functional check division, directly after the final assembling. In this division, man-
ual functional checks, like verifying clearances between front door and front fender,
the bearing play of the steering wheel or the correct installation of the lining of
the luggage compartment, are executed. Each car is completely checked by one
worker, instructed by a hand-held terminal (see Figure 3.2), which they also use
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Figure 3.2: The CASIO MDE IT-800 hand-held device (© CASIO Europe GmbH).
The pictured Near Field Communication technology is not used in the described
settings.

for documenting test results. The flow is defined by the vehicle’s equipment. While
performing those manual functional checks, the cars are also connected to an auto-
matic functional check system for initial start-up and to remote control the vehicles
functionalities like the electronic door locks. Some of these automated tests require
the user to interact with the system, others are performed autonomously. While
the system performs these tests, the worker performs other manual checks at the
current car or shifts to the next car.

We learned from this study that HWDs are accepted very well by the workers.
We also found that Google Glass is not ready for the daily use as its battery life
and the insufficient heat conduction are limiting the usage such that the devices
can not be used in a productive and not frustrating manner. This issues we also
could identify for other HWDs (e.g. Epson Moverio BT-200)

Head-Worn Displays for Calibration Tasks
To confirm these findings and to assess the value of HWDs for other tasks, we
selected a calibration task, performed on a weekly basis. For maintaining the quality
of measurements when calibrating the Driver Assistance System of the vehicles,
the according testing bay is calibrated on a regular basis. One service interval
is the weekly calibration of the plant components that are the most sensitive to
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their environment. For example the alignment of the light-collection boxes, used
to calibrate the cars’ headlights, can be misadjusted if workers unintentionally hit
them.

This study is explained in detail in Paper I. We could verify that workers
accept the devices very well, but battery life and the insufficient heat conduction
are limiting the usage of HWDs, again in a manner that the use of the devices is
frustrating for the users. The devices turn themselves off after short runtime due to
overheating or low battery. Especially on a conveyor belt this prevents the devices
from being used, because every time, workers have to change / recharge their work
tools, the production can be delayed significantly.

Augmented Reality I
In a third study in Phase I (the introduction of HWDs into the production line,
cf. Figure 3.1) we explored the possibilities of AR-ready HWDs (using a binocular
device). As the used HWD has AR capability I refer to this as Phase I (b). Our aim
was to use the results of our first study and transfer them to an AR application. We
decided to work with the Epson Moverio BT-200 HWD, which is equipped with
a camera and two displays, in the user’s line of sight. In addition it is connected
to a mobile computing unit and was the only binocular mobile AR-ready HWD in
our hardware pool when we started the project. We selected the Metaio Suite, a
bundle of software to generate content in combination with a Software Development
Kit (SDK), to enable our application to augment the workers environment. It was
chosen as the content generating software enables users to easily and quickly provide
new trackable objects. The aim was to use augmentation to extend the level of

Figure 3.3: Image from an early test of the Epson Moverio BT-200 and the Metaio
Suite. Due to the low camera quality the green arrows could not be reliably attached
to the selected areas (red ovals).
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instruction in the initial start-up and functional check division. Mainly we chose
to show arrows pointing on the current element to be checked (see Figure 3.3).

We decided to postpone further studies on AR for the next hardware generation
(see Augmented Reality II / Future Work in Figure 3.1), because the use of this
generation of HWDs resulted in several issues we could not overcome in this study
and hence remained unfinished. This study demonstrated to us that currently
available AR-ready HWDs are not fulfilling requirements of AR frameworks like
high-performance hardware. One reason might be that the frameworks are designed
mainly for smartphones with better hardware (regarding performance) and also
cameras of higher quality. Hence, the low camera quality in combination with
the unstable lighting when using the camera in the vehicle’s engine room and the
performance of the HWD running software written with the Metaio SDK were
problematic, as depicted in Figure 3.3. Also, Metaio GmbH was sold to Apple Inc.
and the services of Metaio were shut-down step-by-step within the study. We could
not run test with users, as no reliable prototype could be developed. The work is
currently resumed with a newer AR-ready HWD (cf. future work in Figure 3.1).

3.2 Phase II: Energy Consumption

In Phase I we identified some limiting factors of HWDs. Thereofore, in Phase II
we decided to address the heavy heat development and the short battery life, which
we and the workers experienced as the most important issues of HWDs. Based
on feedback from the workers and engineers from the AUDI A8 production, we
conclude that as long as these two issues remain unsolved, HWDs have little use in
work environments.

We also found it important to not aim for a general solution to fix these two lim-
iting factors, since reducing the energy consumption limits the maximum computing
power of the device. We rather decided to tailor our improvements to one use case,
the support workers in initial start-up and functional check division, to minimise
energy consumption by maintaining the smooth appearance of the application.

Battery drain and heat development are closely related to each other, as heat
development is usually increased when processor load is intensified. That is the task
to be performed is more complex or more tasks have to be performed in parallel.
As performing more tasks in the same time needs more energy, the battery is also
affected. All HWDs we could evaluate were cooled passively and hence, completely
relied on their capability of conducting heat passively using the outer surface of
the device. Thus, our starting point was the minimisation of processor load, by
maintaining a smooth program flow of the application.

In Paper II we describe how we compared energy saving routines of the OS
and camera preview settings. Also an added-value analysis shows evidence that in
the long run workers supported by HWDs have the potential to perform better in
the chosen use case than by the currently used hand-held terminals. Workers, who
we consider as being inexperienced in the use of HWDs, could perform selected
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tasks 26 s (about 2 %) faster then with the hand-held device in this analysis. When
workers get used to the devices interaction concept or an improved interaction
concept can be provided (as demanded by workers, cf. Paper II), we expect that
this value can be increased.

3.3 Phase III: Benchmarking Head-Worn Displays

While the outcome in the previous phases was relevant to workers in Phase III the
outcome is relevant for designers, developers and other decision makers in a soft-
ware development project. Before this phase, we selected our devices mostly based
on availability, very rough estimations on the requirements and the aesthetics of the
devices’ appearance, as we could not find any helpful comparison of HWDs for mak-
ing an informed decision. We came to the conclusion that especially the aesthetics
of hardware and the manufacturer’s reputation among the decision makers need a
counterweight based on objective criteria, for selecting the most suitable HWD for
a certain project and not the one with the most appealing industrial design.

In contrast to the preliminary phases, Phase III was realised based on field ex-
perience, but is not only related to the application in the industry. Hence, we could
perform all necessary activities in-lab. We concentrate on Android-based HWDs, as
multi-platform applications (i.e. supporting more than one OS) would add another
dimension to the complexity of the study. The target group of this application,
the professional users, are interface designers, software developers, project man-
agers, and other decision makers in technological development processes, like we
are ourselves.

There are many different HWDs with various interfaces. This current diversity
of interfaces makes it hard to define on the usability as a key feature of a benchmark
application. Hence, the main aim of the benchmarking tool we developed in this
study is empower professional users to make quick but informed decisions about
which HWD is to choose in which project. This also is the reason why we decided
not to focus on the usability of the Graphical User Interface (GUI). Instead we
decided to use the most common GUI concepts, every (Android-based) HWD we
examined had. These are:

• lists – The GUI-Element list is a standard element of the basic Android-UI-
Elements and hence available for all Android-based HWDs.

• scrolling – Every HWD available somehow allows to user to scroll, either
by gestures on a touch surface, by buttons or head movement. Scrolling for
HWDs is not just used to browse through lists, but also to jump between
input elements (e.g. jump from the previous-button to the next-button).

• selecting – Making a selection is one of the most important input concepts
of any computing device. For Android-based HWDs this currently can be
performed either by gestures on a touch surface, buttons, voice commands or
gaze selection (i.e. gazing at one element for a longer time).
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In this study we defined four benchmarking criteria by potential fields of applica-
tion that we could identify, instead of just testing the hardware capability of the
devices. Based on these criteria we propose a system to enable professional users to
compare HWDs quickly. We used our benchmark tool to compare two HWDs, the
Epson Moverio BT-200 (see Figure 2.5) and the Recon Jet (see Figure 2.4). The
application of the results is exemplified using two short scenarios. Further details
about this study can be found in Paper III.

Overall, we conducted five studies in this multiphase project (cf. Figure 3.1), in
which we introduced HWDs in the AUDI A8 production line, addressed issues pre-
venting HWDs from the direct use in the selected use cases, and finally defined a
benchmark tool to empower professional users to make a informed decision about
which HWD to select for their project. Currently, we are performing the second
attempt to introduce AR-ready HWDs in the initial start-up and functional check
division of the AUDI A8 production line. The results of the completed studies,
a conclusion on the present works and potential future work are presented in the
following chapters.





Chapter 4

Results

4.1 Review of the Studies

The presented studies are grouped into three phases of which the studies of Phase I
and Phase II are conducted directly in the AUDI A8 production line while the
study of Phase III could be conducted completely in-lab.

In Phase I we initially introduced HWDs to the Final Check division of the
AUDI A8 production line and could explore possibilities and limits of HWDs in
industrial settings. HWDs showed great potential as users accepted them in the
studies without reservation. Some of them were excited to be able to test this new
kind of device. Workers also stated that they believe HWDs can simplify their
work tasks and improve work and product quality. We could measure a decrease
in the time a worker needs to manually check one car of about 2 % and believe
that after they got used to the interaction concept, this time-per-car will decrease
further. Within Phase I we also identified issues, preventing HWDs from being
used in production. These are:

• Unstable Software: Especially in the very beginning of our work with Google
Glass a lot of OS updates were released. If leaving the device connected to
WiFi, after waiting 30 min for the user to cancel, it automatically started to
install the new software. With some of these updates, features were disabled
(e.g. due to instability) or method calls were changed forcing us to revise the
code after each update.

• Prescription Glasses: Some workers, relying on prescription glasses with a
wider frame, could not use the selected HWD as they did not fit over their
vision aids. To allow wearers of glasses to work with HWDs most manufactur-
ers reacted by introducing frames for prescription lenses either being attached
to the HWD or replacing the original frame (see Google Glass Frames1)

1https://www.google.com/glass/help/frames/
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• Interaction Concept: To interact with the most HWDs, users have to fre-
quently lift their arms as all input devices are at the devices frame. Workers
reported that this is tiring the arm. In ongoing work (Augmented Reality
II in Figure 3) we use a finger-worn control unit (Reticle Speed Mouse, cf.
Figure 4.1b) to overcome this issue. Another approach could be using finger
tracking, so the user can interact with gestures (e.g. pointing at a device),
speech-recognition (in quiet environments) or carefully reducing the need of
direct interaction.

• Battery Runtime: Most manufacturers state that their HWD can be used
up to one day. It is very likely, that this assumption is based on occasional
use of the devices for displaying messages of navigational instructions. This
raised certain expectations, which could not be fulfilled when using HWDs
for guiding workers in each step of their task, as the battery capacity is not
sufficient. We addressed this in Phase II.

• Overheating: Related to the high energy consumption (leading to heat de-
velopment) in combination with the dense electronic packaging of HWDs, we
identified fast overheating as another problem. This issue is also addressed in
Phase II.

Introducing AR-ready HWDs showed the need for better hardware, which was
not available when we performed the study. Even though we could not finish the
study successfully, we could identify important components of AR-Systems which
need to be elaborated. Among others these are a camera of higher quality and a
high-performance CPU. We believe that AR will become one of the most important
interface concepts for HWDs in the future. Not just for industrial workplaces, but
also for many other working environments, recreational purposes, and learning and
teaching.

In Phase II we addressed the two main issues preventing the everyday usage of
HWDs in industrial settings, which are fast overheating and short battery runtime.
We selected these two issues as they can be addresses by adjusting the applications
and the OS behaviour. We identified camera usage and the unrestricted CPU clock
rate as the most energy consuming elements and developed strategies to improve
power efficiency. We could restrict the CPU clock rate behaviour by comparing
available routines of the OS (called Governors) and selecting the most suited one.
For reducing the energy consumption of the camera we compared the minimum and
maximum resolution of the camera preview (i.e. the camera image that is shown
in the display like a viewfinder) and its minimum and maximum refresh rate. We
found out that the minimal camera preview set-up is still feasible for our use case.
Combining these two adjustments we could increase the devices runtime about
120 % from 56 min to 124 min without an additional battery pack. In addition, no
overheating could be detected, also when extending the devices runtime with an
external battery.
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The work with HWDs in the described use cases of Phase I and Phase II was
directly conducted in the AUDI A8 production. The study of Phase III in contrast
could be conducted completely in-lab. In this phase we could make use out of what
we learned in the preliminary studies and reflect on what really is needed to be
able to reasonably decide about the most suitable hardware, which resulted in the
benchmarking study of Phase III. We identified usage areas HWDs are expected to
be of value to detect the most relevant elements of a HWD and how to assess their
quality. These are the camera, which quality we measured by the amount of edges
detectable and the noise generated in a test image, the accuracy and time-to-fix
of the positioning service (i.e. GPS), the share of CPU load for defined routines
and the share of battery level after running these CPU tests. We decided to create
a benchmark tool to empower the professional user (e.g. developer or designer)
to compare devices on his / her own and hence, inform the user about potential
ambient disturbances he / she has to take care of.

4.2 Summary of Results

In the first study (part of Phase I ) we exemplified how concepts developed in model
factories (e.g. [61, 41, 24, 49]) of research institutions can be transferred directly
into industrial application. We could show, that involving important stakeholders
directly in their work environment leads to valuable results. This also shows, that
HWDs can be introduced in existing work tasks in a simple manner, as software
for this devices is easier to program than ever before.

In the second study we focussed on eliminating the issues of high energy con-
sumption and fast overheating of the device. These occurred in previous work,
among others in [63] and in the studies conducted in Phase I. The work applies
findings on energy consumption of Google Glass from [35], where among others the
most energy consuming devices of the HWDs are listed. The relevance of this topic
is confirmed as there is ongoing research on assessing energy consumption of smart
devices [36, 15].

The work presented in the third study contributes to the state of the art, as it
extends the list of benchmarking applications by one, directly dedicated for HWDs
and their application areas. In our research about benchmark tools, we could not
identify any tool acknowledging the areas of application for HWDs. Furthermore,
we designed the benchmark tool for professional users (like ourselves), based on the
role we had when working with HWDs at AUDI AG. Among others the work bases
on the findings on energy consumption of Google Glass in [35] and also the work of
Phase II and acknowledges the requirements of current AR applications like [42]
or the Wikitude Navigation App2.

Within the described studies we could explore the capabilities of HWDs in an
industrial environment, but also identify limits and try to overcome them. Sum-
marising, HWDs have the potential to play an important role in the factory of the

2https://www.wikitude.com/showcase/wikitude-navigation/
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(a) The Twiddler, a keyboard and
mouse controlled with one hand.
(© Tek Gear Inc)

(b) The Reticle Speed Mouse, a
finger-worn control unit. (© Oster-
hout Group Inc)

Figure 4.1: Alternative input devices for Head-Worn Displays

future. They will be used in many different areas to support workers to do many
different jobs. The work included here covers the instruction of workers in the qual-
ity control of the car industry, but also first attempts to apply them in calibration
tasks, sketching an idea of what might be possible in other areas were calibration
and maintenance are more frequent and / or complex.

Based on the experiences we made with HWDs and AR, I defined six human
sense-based Dimensions of AR (introduced in Section 2.2). The aim is to provide
a sufficient taxonomy to categorise AR applications, emphasising the multitude of
possibilities the augmentation of the reality can be like. Depending on what it is
aimed for in a software project, single or multimodal AR (cf. [17, 11]) approaches
should be considered.

Working with HWDs, both capable and not capable of supporting AR, as well
as user feedback also showed me the need of a multimodal approach for input and
output technologies:

Input Technologies In the added-value analysis described in Paper II some
users emphasised their desire for an additional input device.
Some of them asked for a device with a different interaction
concept, others found the lifting of the arm extremely tir-
ing. There are several attachable devices able to fulfil this
demand, like the Twiddler3 (see Figure 4.1a) or clickers like

3http://twiddler.tekgear.com
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the Reticle Speed Mouse4 (see Figure 4.1b). Having a second
input device of this kind, on the one hand would simplify the
interaction, on the other hand comes along with the disad-
vantage that we initially tried to overcome in the studies:
the constant occupancy of at least one hand to hold the de-
vice. Hence, I believe in more unobtrusive input systems,
included into the workers clothes, or belts (as e.g. described
in [20]) in combination with the use of small but distinct
head gestures, eye tracking, body data sensors and other
sensing devices. As on factory floors there often is a certain
noise level, speech recognition did not work reliable with the
built-in microphone. Also, workers and other stakeholders
were concerned about the strange working atmosphere, re-
sulting from the need of talking to a device impeding the
possibility of talking to colleagues.

Output Technologies Even though the AR study of Phase I remained unfinished I
have reason to believe that AR will be an important concept
to be used with HWDs. As I emphasise by introducing a hu-
man sense-based classification of the Dimensions of AR in
Section 2.2, AR also can be non-visual. Hence I believe this
taxonomy should be used to distinguish the single concepts
of AR based on the human senses. Also its adding a defini-
tion of single- and multimodal AR to the definition of [11].
Personally, I experienced a feeling of missing dimensions like
haptic feedback when working with vAR-only or aAR-only
Systems. In general I believe that mAR, in the terms of
considering as many human senses as possible for augmen-
tation, should be the aim of most AR solutions. Of course,
this is constricted by security concerns (e.g. when the user
needs his sense of hearing to identify threats of approaching
factory trucks) and the need for more research in how to ap-
ply mAR and also how to improve current single-sense AR
solutions to combine them in a mAR concept.

HWDs have the power to change how we live and work, but also how we commu-
nicate with each other. It can be very disturbing to talk to someone while he /
she is wearing a HWD. The conversation partner can see the mirrored image of
what the optical See-Through HWD user can see, hence recognises any potential
distraction the HWD user is exposed to. Some HWDs allow the user to use unob-
trusive gestures like nodding to activate functions of the HWD like the camera. In
the case of video See-Through HWD, the conversation partner is not able to see
what is displayed to the user. Hence, conversation might feel uncomfortable for

4http://shop.osterhoutgroup.com/products/reticle-speed-mouse
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the conversation partner since for him / her it is not directly visible whether these
small gestures are part of the users conversational gestures and facial expression or
related to the interaction with the HWD.



Chapter 5

Conclusion and Future Research

This chapter is summarising the conclusion I draw on this series of studies and
how it is affecting my future work. Also I try the sketch potential new fields of
application outside industrial production.

5.1 Conclusion

This thesis presents a series of studies exploring the potential of HWDs in indus-
trial environments. Therefore it presents work, which has been implemented for
real industrial use cases directly in industrial environments and an approach to
benchmark HWDs elaborated in-lab. Based on these studies I draw answers to the
research questions described in Section 1.1:

RQ 1: What can be achieved with Head-Worn Displays of the
current generation?
To provide answers this question we introduced HWDs with promising results in the
Final Check of the AUDI A8 production line by replacing a hand-held device-based
and paper-based documentation and work instruction systems.

We could measure time savings of about 2 % related to the usage of HWDs.
Considering that the participants in the study were trained to use the hand-held
device and not experienced in the usage of HWDs, I believe this share will increase
based on additional training and collected experience. Based on the results, I
expect that it is of value for employers to consider HWDs for worker support in
many reasons.

I believe that especially application areas in which workers need two hands to
fulfil their work tasks often can profit from HWDs. Besides repetitive tasks on the
assembly line (exemplified in the initial start-up and functional check division, see
Phase II or described by [44]) and calibration tasks (exemplified in the Driver As-
sistance System Testing Bay division, see Phase I ), there are also other application
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areas of interest in the industry, like the commissioning of goods in warehouses, as
the vision picking introduced in the DHL warehouse in Bergen op Zoom, Nether-
lands1.

RQ 2: What challenges do researchers, developers, and designers
face when working with Head-Worn Displays?

By reflecting the challenges we were faced when introducing HWDs in the produc-
tion line of the AUDI A8, we found two types of issues we were faced with: First,
limits of devices, preventing the successful use of HWDs and second, how to choose
the most suitable HWD for the intended use case. We addressed two of the de-
tected limits in Paper II (cf. Phase II ) and how to support decision makers when
designing the study described in Paper III (cf. Phase III ).

HWDs offer long desired possibilities in the areas of AR and VR. From a pro-
fessional users’ point of view, I identified the following advantages (+) and disad-
vantages (–) when working with HWDs:

+ New Use Cases Scenarios for HWDs have been described since the time
the concept them has been invented (by [39], took up by
[26] and [59]). After 70 years of research now, the first
time ever, HWDs are accessible to anyone and due to
the high processing power of current hardware it never
has been easier to design applications for them.

+ Another Smart Device Smart devices became popular when Apple Inc. re-
leased the iPhone and diversify rapidly. HWDs are
one manifestation of this diversification. For smart de-
vices with displays two OSs currently are dominating
the market: Android and iOS, both well known to many
developers. Especially Android, an open source project,
can be found on many different kinds of devices, among
others a multitude of HWDs.

– Another Smart Device Diversification has not only a positive side. Currently,
through the diversifying group of smart devices, devel-
opers are faced with a variety of different concepts, not
sure which on will survive the next years. This demands
high flexibility from professional users and support by
professionals of many areas (cf. Paper III).

1http://www.dpdhl.com/en/media_relations/press_releases/2015/dhl_successfully_
tests_augmented_reality_application.html
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RQ 3: How do workers experience the support of Head-Worn
Displays?
I learned that in contrast to the public discussion about privacy issues coming
along with Head-Worn Display (mainly due to the possibility to take pictures with
unobtrusive gestures or voice commands), workers not just accept the devices, but
they were exited about using them. Workers stated that the devices are able to
facilitate the work, mainly as it extends the time the workers have two hands free
for performing tasks, as they do not have to hold a hand-held terminal.

Overall I found the following advantages (+) and disadvantages (–) for workers
as HWD users:

+ Simplification HWDs have the potential to simplify work tasks. This simpli-
fication is not based on novel work approaches, requiring clean
disruptions, but on the increase of availability of information
and the possibility to execute work tasks on multiple locations.

+ Diversification As HWDs are supposed to be always on, they have the capa-
bility to observe the users environment constantly and inter-
vene whenever the user needs help. This might be because the
worker is performing a task the first time and needs some in-
struction or he / she is entering the danger area of a machine.
Hence, HWDs can be used to diversify and extend job profiles.

– Integrity The ability of the device to directly observe the user also is
a disadvantage, as continuous observation can be misused for
assessing the workers behaviour up to intrusion into the pri-
vate sphere. The latter does not have to be intentional but
can happen e.g. if the worker forgets to switch off the de-
vice when visiting the toilet. Also, I believe that the potential
threat of being observed by the employer might increase stress,
influencing the well-being and performance of individuals.

– Impairments One worker in our added-value analysis was not able to attend
in the study, as he had prescription glasses and the selected
HWD (Google Glass) did not fit over the frame of his glasses.
Also, several attendees mentioned that the interaction with
the touch pad on the HWD’s temple was tiring their arm.
In general, this applies to all HWDs which do not have an
additional interaction device, users can wear (like rings or as
part of their clothes), hold in their hands, etc.



40 CHAPTER 5. CONCLUSION AND FUTURE RESEARCH

5.2 Potential Future Work

Based on the research presented in this work, there are several possible directions,
future research can head to:

1. As shown in Figure 3.1 there is ongoing work, attempting to integrate the
next generation of AR-ready HWDs (using the ODG R-7 2 HWD) into the
production line of the AUDI A8 (i.e. reviving the study idea of Phase I (b)).
It can be part of my future research to further explore the potential of HWDs
for industrial applications. In that case I would like to address issues we found
in Phase III and extend the research by exploring how mAR can support
workers and how to augment their senses without causing threats due to
distraction.

2. I would like to consider other application fields, for example the usage of
HWDs in rehabilitation (physio therapy) use cases. Opening up the explo-
ration of HWDs capabilities to a multitude of application fields can be the
focus of my future research. This does not only have to focus on rehabilitation
but also anything else that can be supported with mAR.
The aim of the opening is to shift the focus of the work from Head-Worn
Displays and Augmented Reality in the Industry to Design Solutions for Mul-
tisensory Augmented Reality as more holistic approach. In this case, RQ 1
and RQ 2 can be retained as they are and RQ 3 needs to be rephrased so users
in multiple fields of use and their experiences of the support of HWDs are ac-
knowledged. Furthermore, then I also want to explore how mAR can support
these users and how their senses can be augmented without being distracted
from relevant information of the environment like potential threats.

3. As third option I see completely shifting to a second field of application, were
I can design solutions for myself and evaluate them through sharing them
with others, experts and users. I believe for that case, the rehabilitation case
I mentioned in option 2 is of great potential. Since we were able to instruct
workers using a HWD with activated display for more than two hours, HWDs
also can be used for other use cases in which persons need professional guid-
ance. I also believe in this use case the possibilities of mAR and single-sense
AR can be explored, because HWDs are still carrying negative connotations
in public and therefore less obtrusive AR-based guidance e.g. for the patients
work life will be necessary.
In that case I would also like to retain RQ 1 and RQ 2. The research will
focus on how to empower patients in rehabilitation using HWDs and how
to use mAR solutions to unobtrusively augment the reality of patients in
rehabilitation. Also I would like to explore how to augment multiple senses
without distracting patients.

2http://shop.osterhoutgroup.com/products/r-7-glasses-system
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The definition of the three potential directions to follow in future work currently
is on different levels. To make an informed decision, further elaborating on these
potential directions and reflecting the work described in this thesis, will be the next
step on my agenda.
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