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ABSTRACT

As part of the digital transformation towards Industry 4.0, the tasks of staff on the shop floor are
changing. Despite increasing automation, complex assembly steps still have to be carried out by humans,
especially when it comes to complex products rich in variants, whose assembly cannpt be fully
automated for various reasons. Due to increasing individualization and the steadily growing complexity
of products, providing the right information at the right time and in the right place is becoming more
important. In this context, the visualization of information via novel technologies such as augmented
reality plays a crucial role towards an efficient and error-free production process. This paper compiles
existing challenges when using augmented reality as a visualization form for an assistance system. On
the one hand, the challenges found originate from a systematic literature review and are organized
according to predefined categories. On the other hand, these challenges are complemented and compared
through findings gained from expert interviews, which are conducted with employees of two European
commercial vehicle manufacturers in the field of production. The analysis of the two methods highlights
the need for further research.
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1 INTRODUCTION AND MOTIVATION

Despite the trend towards increasing automation, manual assembly processes will still be carried out
by assembly personnel for complex or variant-rich products (Alves et al., 2019; Khuong et al., 2014;
Mattsson et al., 2018). In manual assembly processes, high process reliability can be achieved through
good worker guidance. Thus being crucial to increase product quality while reducing assembly time as
well as the manufacturing and the error costs.

New technologies that offer completely new forms of visualization and interaction with the staff seem to
supply a remedy to this end, but have not yet been sufficiently mastered in industrial practice, could be
applied widely. Here, the focus is on augmented reality (AR) according to (Erboz, 2017) as a driver of
digital transformation in the context of Industry 4.0. This technology is not only capable of providing
good process guidance in order to increase quality, but could also possibly validate the processes carried
out by giving direct feedback (Alves et al., 2021) and provide support in other process-relevant activities
via the interactive provision of information. Furthermore, it can be assumed that shop floor staff will take
on more and more diverse tasks with a higher degree of responsibility (Danielsson et al., 2018; Holm et
al., 2016). Cognitive support, such as AR, will thus be required according to (Romero et al., 2016). This
gives rise to the question to what extend a central overview of the main challenges that originate when
AR is used in a standardized way for displaying relevant process information in an industrial
environment as part of an assembly assistance system already exists. This issue not only relates to
technological challenges for the introduction of AR technology in companies, but also addresses
questions about the flow of data within devices in the Internet of Things (IoT).

2 DEFINITIONS CONSIDENIG AUGMENTED REALITY

To further refine the scope of the challenges found in the literature review in section 4, it is necessary
to explain the terms used in the extended reality (XR) context. XR includes all forms of real-and-
virtual combined environments, such as virtual reality (VR), augmented reality (AR), and mixed
reality (MR) (Fast-Berglund et al., 2018). The classification and delimitation of technologies is based
on the reality-virtuality continuum (see Figure 1), which delimits technologies based on their
proximity to a real or virtual environment (Milgram and Kishino, 1994). For this paper, MR and AR
applications play a particularly important role. In practice, however, it becomes apparent that the
delimitation of the two terms MR and AR is more than fuzzy. According to the definition given by
(Fast-Berglund et al., 2018; Gong et al., 2021), AR applications only add information in addition to
the real world. MR rather provides the possibility for real and virtual content to interact with each
other (Rokhsaritalemi et al., 2020). In the research, it has been found that MR systems are often
referred to as AR systems, contrary to the definition given above. For the rest of this paper, only the
term AR will be used (including MR & AR). In VR, users are immersed in a fully virtual environment
and cannot visually recognize the real world around them (Fast-Berglund et al., 2018). Although
newer VR devices may offer the option of what is called a pass-through mode (e.g. Metaquest Pro
Headset from Meta), where content is added to a camera capture of the real world (Xiao et al., 2022),
VR was not considered as part of this research since there are not many devices available that support
this feature and because VR is mostly used in product development and not in productive assembly.

|_ Mixed reality (MR) _I
—

Real Augmented Augmented Virtual
environment  reality (AR) virtuality (AV) environment

Figure 1. Reality—virtuality continuum (Milgram and Kishino, 1994)

AR can be further divided into 3 types: hand-held, head-worn, and spatial AR (van Krevelen and
Poelman, 2010). The end device is the crucial factor behind this distinction. For example, hand-held AR
uses a smartphone or tablet (Shiratuddin et al., 2014), head-worn AR uses a head-mounted display
(HMD) (Azuma, 1997) such as a Microsoft HoloLens or Google Glass, and spatial AR uses a projector
or monitor to display information (Azuma et al., 2001). In this research paper, there is no limitation
regarding the end devices to allow for a comprehensive analysis of challenges found in the AR context.
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3 STRUCTURE & METHODOLOGY

This paper is part of a research project dealing with the design of digital assistance on the shop floor as
well as the implementation of a modern assistance system at a commercial vehicle manufacturer.
Within this paper, the methods used to develop the results as well as the focusing of the scope are
presented in section 3. The results are then presented and categorized in section 4 & 5 and discussed in
section 6. Section 7 summarizes the paper and provides an outlook on further research needs. The
objective of the paper is to list the most relevant challenges that exist when using AR in a modern
assistance system whose scope goes beyond guiding assembly information.

In this paper, two methods are used to identify the challenges of AR-supported worker guidance by
means of an assistance system. First, the challenges found via a systematic literature review are
presented. In a second step, further challenges identified during interviews with production experts are
also presented. This allows the scientific view from the literature research to be compared with the
knowledge and needs found within the industry, thus providing a holistic picture of the challenges.

3.1 Literature review

The systematic literature review was carried out as follows:

1. Identifying relevant keywords and building search strings

2. Searching two databases for literature to review

3. Filtering the results with several criteria

4.  Detailed analysis of the contributions found to be relevant

The steps described above were carried out in September 2022 on the following databases: "Science
Direct" and "IEEE Xplore" The initial search found 980 results. After adding filters, e.g. research
domain, the amount dropped to 354. The analysis of title keywords and abstracts resulted in 124 papers
of interest, of which 41 were found relevant for this paper after reading the full paper (see Figure 2).

Initial number of papers | 080 | Fields: title, abstract, keywords
augmented reality AND assembly AND system
Papers with applied filters |l 354 augmented reality AND assistance
augmented reality AND validation
Analysis of title & abstract [l124 augmented reality AND quality
augmented reality AND hardware
Relevant papers after reading | 41 augmented reality AND (survey OR challenges)

Figure 2. Analysed papers in the systematic literature review

3.2 Expertinterviews

The participants of the interview are employees of two European commercial vehicle manufacturers

that are mainly involved in the digital transformation of production in their daily work. The interviews

did not focus exclusively on worker assistance using AR, but also included questions on general trends

of production in the context of Industry 4.0. The purpose of such an approach is to provide a broader

perspective in order to ascertain the actual needs and not to restrict the focus of AR to an early stage.

Before the 30-minute interviews, a short introduction was given to address the context of the questions. The

interviews were conducted in guided form and subsequently evaluated. The results of the interviews are

collectively presented in section 5. In each interview, participants were asked the following questions:

e  What do you think are the most important technologies for the production of the future? Name up
to five and provide reasons for your answer!

e  What are the added values for your employer through the introduction of these technologies?

e What, in your opinion, are the biggest challenges to the introduction of these technologies into
your company?

e  Where do you think immediate action is needed with respect to these technologies to increase the
quality of your employer's products?

e  How can shop floor staff benefit from these technologies?

e  How could AR generate added value in this context?

¢  What information should be provided to shop floor staff in the assembly line?
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The various ages, levels of professional experience, sectors, and shares of activities relating to digital
transformation in the participants' everyday work are shown in Figure 3. In total 11 interviews were

conducted

Age (years) Experience (years) Ratio of industry 4.0 Job (high level)
51-55 = 10 high Management
46-50 8-10
36-40 5-7 medium Office staff production
31-35 2-4 low Production plannin
26-30 <1 p g

01234 012345 02468 012345

Figure 3. Experts age, department, experience, and ratio of industry 4.0 topics

4 CHALLENGES FOUND THROUGH SYSTEMATIC LITERATURE REVIEW

Today, manual processes are mostly provided to shop floor staff via descriptive instructions in step-
based form (digital or paper-based) in order for these workers to learn processes or to execute them
according to the specifications (Alves et al., 2019). Usually, there is no feedback for the staff about the
correct execution of the assembly steps (Alves et al., 2019). For this reason, it seems useful to use AR
applications for the guidance of workers and the verification of process execution. According to
(Alves et al., 2019; Bottani and Vignali, 2019), the increasing number of publications on this topic
also increases the interest in AR, while (Zubizarreta et al., 2019) state that companies are also
interested in introducing new services as well as new capabilities through this technology. During a
survey in (Holm et al. 2016) it was found that, on the management level of companies, AR is seen as a
necessary future technology. Furthermore, the extensive research of (Souza Cardoso et al., 2020)
shows that the support of manual assembly processes is by far the largest application area for the use
of AR. Nonetheless this potential and the great scientific interest in AR, there have been few
productive applications to date and there is a lack of research contributions for implementing the
technology in a productive expansion stage (Gong et al., 2021; Jetter et al., 2018; Szajna et al., 2020;
Uva et al., 2018). In summary, AR applications are not yet widely used in industrial settings. The
reasons behind this low level of use are manifold (Gattullo et al., 2022) and will be presented
separately according to the following four categories as a result of the research:

e  Data management

e  Process validation

e  Hardware

e Interaction

4.1 Challenges regarding data management

The research of (Alves et al., 2021) shows that scientific publications from the years 2013 to 2021 that
deal with AR assistance for workers focus on quality control or the provision of logistical information in
only a subordinate role. For example, (Wang et al., 2016) states that the focus on step-by-step process
instruction, especially in the area of assembly assistance, neglects important concerns such as displaying
the remaining assembly time for a job. According to a survey of in-store staff, information such as
confirming the correct tightening torque of bolts, the current assembly time and identifying potential
errors are critical for workers during engine assembly (Danielsson et al., 2018). In further research,
Alves states in (Alves et al., 2019) and (Alves et al., 2021) that a shortcoming of existing assistance
solutions is also the lack of feedback regarding the executed process. Alves refers to the lack of feedback
in AR systems as an open loop characteristic which needs to be addressed. To achieve the capabilities
described above, it is necessary to integrate systems and equipment of the production system into the
application, to provide real-time access to data on tools such as screwdrivers (Danielsson et al., 2020),
and to provide information on quality-critical parameters to be checked. This formulates the efforts
regarding tasks such as interconnecting devices and sensors via the 10T that are not currently considered
as computing devices (Rosales et al., 2021; Sarhan, 2018). It is also necessary to connect this data to
other information regarding the product, which in turn formulates the efforts of a seamless data model to
handle order-specific and real-time shop floor data. Currently, printed instructions in particular carry the
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risk of being outdated without this being noticed (Wilson et al., 2012). Time validity is also relevant for
AR instruction according to (Quint and Loch, 2015), since creating and publishing AR content is time-
consuming, computationally expensive, and currently cannot be automated. Content creation therefore
occurs before an AR experience is consumed by the user and is performed on decentralized computers
and in other systems. An end-to-end change process is imperative, as displaying incorrect content also
decreases user confidence in the technology.

The findings presented above lead to the following challenges:

e  C1:Include capabilities exceeding step-by-step instructions

C2: Establish the access to and visual display of 10T data

C3: Create data model to link IoT data from the shop floor to specific orders

C4: Feedback during process

C5: Seamless change process to keep time validity

4.2 Challenges regarding process validation

Closing the open loop characteristic described in section 4.1 implies that verification of process
execution in conjunction with context understanding must be given within an AR application. (Ziaee
and Hamedi, 2021) state that most assembly errors are due to procedural errors and caused by
negligence (Neumann and Majoros, 1998). According to (Ziaee and Hamedi, 2021) the errors are
caused by the fact that not all important information can be retrieved centrally at the right time for the
worker (Alarcon et al., 2020) and automatically at the right station with low latency (Wang et al.,
2016). This is necessary for validating if a step was carried out correctly by the worker and therefore
increasing the usability of AR systems (Alves et al., 2021). In the event that a process is validated not
by shop floor staff themselves, but instead via the assistance system, additional equipment is needed
and also requires integration. Studies that examine the possibilities of automatic process validation
using context-aware AR systems still require many additional sensors as described e.g. in (Bellalouna,
2022; Gorecky et al., 2011). Besides, they are limited in complexity and difficult to transfer to real
industrial assembly scenarios. For example, (Werrlich et al., 2017) emphasize that many studies on
AR-based assistance systems assume simplified assembly situations such as the assembly of LEGO®
blocks or simple geometries. This leads to restraints when using AR in reality. For example, (Wang et
al., 2016) concluded that limitations of AR systems prevent the use of complex assembly processes.
(Quint and Loch, 2015) also state that AR is not suitable for complex processes. On the other hand,
(Radkowski, 2015) states that AR only adds value for sufficiently complicated operations. In this case,
this statement is to be understood in terms of providing instructional content. Nevertheless, the
dilemma for the use of AR from a user perspective is manifested here. The technology is only suitable
for a certain range of complexity, otherwise no added value is generated, or the creation of the
information content becomes too effortful (see Figure 4).

Complexity within the useful

No benefit from range for AR No usage of AR
AR due to low possible due to
complexity high complexity

Figure 4. Complexity dependency of AR

Despite the industrial demand, many investigations and projects remain at the proof-of-concept stage
(Jetter et al., 2018). This begs the question as to how much complexity in real industrial settings can
currently be handled. The findings presented above lead to the following challenges:

e  (C6: Enable shop floor information access

e  C7: Context awareness

e  (C8: Find right level of complexity for industrial applications

4.3 Challenges regarding hardware

The most commonly used AR device in studies is an HMD (Gattullo et al., 2022; Souza Cardoso et al.,
2020). However, further research shows that the ergonomics of HMDs are currently unsatisfactory,
making it unrealistic to use them for several hours a day (Danielsson et al., 2020; Souza Cardoso et al.,
2020). In addition to displaying the correct content, as described in section 4.1, the time-synchronous
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overlay of virtual objects on the real environment is important for user acceptance. A delay can occur
both in data acquisition and in the computation or transmission of AR content to or from the
visualization device (Orlosky et al., 2017). To solve these issues, high computational power or high
data transmission rates are required. If the data is processed locally on the visualization device,
ergonomics must be balanced against mobility. However, these points only concern data glasses and
mobile devices. Today, smart glasses do not have sufficient computing power (Chatzopoulos et al.,
2017; Porcelli et al., 2013; Um et al., 2018). For decentralized computation of AR content, new forms
of network technology such as 5G could solve the problem (Lv et al., 2022). Another problem is
battery life of mobile devices. For example, the Microsoft HoloLens 2 can only be used for about 2-3
hours with one battery charge (Bitnamic, 2022; Danielsson et al., 2020). The findings presented above
lead to the following challenges:

e (C9: Ergonomics of HMD

e C10: Battery life of HMD

e  C11: Processing power of smart glasses

e  C12: Network transfer rates

4.4 Challenges regarding interaction

According to (Azuma, 2016), one of the most important challenges for the establishment of AR is the
following:

"How will we establish Augmented Reality as a new form of media, enabling new types of
experiences that differ from established media?"

To most people, AR is a (still) unfamiliar form for interacting with data due to the lack of standardized
interaction interfaces and low distribution of corresponding applications in the consumer market
(Ghazwani and Smith, 2020). Interaction is seen as one of the biggest challenges for the use of AR
according to the survey of (Souza Cardoso et al., 2020). For HMDs and projections in particular, there
are no standardized control concepts similar to a computer mouse or a touchscreen. EXisting gesture
controls are not very intuitive and only cover a limited range of functions (Wang et al., 2016).
Additionally, the orientation in space has not been sufficiently solved for HMDs as the lack of
visualization limitation compared to a monitor poses a problem. This outlines the need for intuitive
and standardized operating concepts, which could use gesture or voice control (Billinghurst et al.,
2009). However, due to high noise levels or limited mobility when handling parts, even these concepts
could only be a limited help for operations during assembly. Additionally, it is important to achieve
user acceptance when dealing with the introduction of modern technology. Gamification strategies
may therefore be used (Souza Cardoso et al., 2020). The findings presented above lead to the
following challenges:

e  C13: Intuitive and standardized interaction standards for AR

e  (C14: User acceptance toward AR

5 COMPARISON OF THE CHALLENGES IDENTIFIED IN THE INTERVIEWS

This section compares the challenges identified in section 4 with the challenges that could be
identified during the interviews. A summarized overview is given in table 1. The "Interview"
column contains information on how many participants of the interview addressed a challenge.
Notable findings from the interviews will also be presented in the following paragraphs. At the
beginning of the interview, the participants were asked about key technologies that will shape the
future production of their employer. All the following technologies were mentioned with roughly
equal frequency:

Digital Twin

Robotics

Acrtificial Intelligence & Computer Vision

I0T & Data Connectivity

Track & Trace

Augmented & Virtual Reality
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When it comes to justifying the choice of the technologies, the control of multi-variant products and
processes as well as the reliable detection of errors have the highest relevance. The expected added value
of digitization was almost exclusively motivated by the increase in product quality, improved efficiency
and lower cycle times. On top of that increased process transparency is achieved due to the availability
of digital structured data. Among the challenges concerning the introduction of the technologies in the
respective company, major emphasis was placed on the substantial one-off effort required for the
introduction of new technologies. Furthermore, it was frequently highlighted that sufficient knowledge
about the capabilities of new technologies must be available across all hierarchical levels in the
respective company in order to be able to make appropriate decisions. For the staff on the shop floor, the
respondents mentioned the need for work in improved and more transparent processes, more pleasure at
work in a modern working environment, and an increase in ergonomics. The rest of the interview
focused on AR technology. In addition to mastering variance and the possibility of presenting direct
feedback on process execution, it was outlined that AR could be used throughout the whole assembly
process and not just for step-by-step instructions. When asked, two of the respondents justified this by
the lack of need for step-by-step instruction after the initial training process. The last question in the
interview was designed to identify the necessary information that should be provided to shop floor staff
via AR (see Figure 5). In response to requests for further information, it was stated by the interviewer
that the information should be provided for a trained worker working at the same assembly station for
several months at least.

o

1 2 3 4 5 6 7 8 9 10 11
| |

- - | | | | | |
OVEereW on dally performance I m——_—_—_——————.

Remaining assembly time (e ———————

Variant-related assembly information |e——

Feedback :l—

Quality points
Security information
Process changes

Figure 5. Necessary information to provide to shop floor staff via AR

The aspects with the joint most frequent mentions were an overview of the daily performance, the
remaining assembly time, and variant-related assembly information (part numbers, measurements,
attributes etc.). In addition to the previous information, direct feedback on whether or not a task was
executed correctly was also considered helpful. A note to important quality points as well as safety-relevant
information and the notification of changes in the processes were also mentioned, but more rarely.

Table 1. Summary of challenges

No. Challenge Interview
C1 [Include capabilities exceeding step-by-step instructions 8/10
C6 | Enable shop floor information access 6/10
C4 | Feedback during process 5/10
C8 | Find right level of complexity for industrial applications 5/10
C13 | Intuitive and standardized interaction standards for AR 5/10
C3 | Create data model to link 10T data from the shop floor to specific orders 4/10
C12 | Network transfer rates 4/10
C14 | User acceptance toward AR 4/10
C2 | Establish the access and visual display of 10T data 3/10
C11 | Processing power of smart glasses 2/10
C5 | Seamless change process to keep time validity 1/10
C7 | Context awareness 0/10
C9 | Ergonomics of HMD 0/10
C10 | Battery life of HMD 0/10
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6 DISCUSSION

The first finding to emerge is that technological challenges which raise doubts about the benefits of AR
(computing power, battery life, and network transferring speed) are not mentioned in the interviews.
Instead, it appears from the interviews that there are challenges relating to the successful application of
AR, which relate in particular to the preparation, processing, and collection of data. In addition to
robotics, the participants in the interviews raise a particular need for the technologies of lIoT and
computer vision. All of these technologies will require a solution for the data challenges mentioned
above. Furthermore, both literature and interviews point out that the integration of quality checks within
the assembly process is necessary and should be included in an assistance system. This is in contrast to
most of the implemented applications that have been identified, which focus on giving step-by-step
instructions to the worker — and display the assembly information primarily via an overlay of the target
state on previously prepared 3D data. In terms of quality checks, both, the literature as well as the
interviews highlight the need for workers to be provided with information relating to the time status of an
order or the torque of a screwdriver as well as variant-related assembly information. This would improve
the information situation and thus the transparency of the process for the workers, regardless of the
visualization technology in use. The literature and interviews find that AR may possibly lower the
cognitive load. However, there are already numerous publications that consider AR as a visualization
form for an assistance system in assembly. But most applications use an HMD. Regarding the poor
ergonomics and battery life, these devices are not conducive to standardized industrial use. While the
literature also highlights the challenges regarding the user interaction with AR systems, the experts point
out that one serious challenge for standardizing this new technology will be the high effort required
within companies for primary implementation of a new technology.

7 SUMMARY & OUTLOOK

This paper presents an overview of challenges found in context for the use of augmented reality in a
digital assistance system for shop floor staff. First, a systematic literature review was conducted to gather
challenges occurring within the industrial use of AR in assembly operations. The challenges identified
were sorted into 4 categories and summarized. This was followed by a presentation of the results and
challenges identified via the expert interviews. The interviews were therefore not exclusively focused on
AR. This approach was chosen to provide a broader view on the topic and therefore the questions
addressed general trends of future production as well as the information that needs to be provided to staff
on the shop floor. The categorized answers were then compared with the challenges found in the
literature. Finally, a mapping was performed to identify overlapping and delimited challenges.

By looking at the results of this paper, it becomes obvious that collecting and publishing data via one
central data layer from different sensors and systems is a mandatory prerequisite for a future assembly
assistance system. Once all this information is available, intuitive visualization and interaction performed
in a new way using AR technology will further optimize the usage of data on the shop floor. The
transparency of data origin and use plays just as important a role as rapid processing and context setting
in a corresponding system. Reliability, in addition to the rapid availability of data, is a decisive factor for
users trust in a gamified system. Further research should focus on defining the functionalities needed in a
modern assembly assistance system. Besides the technologies used, it will be equally important to point
out how the necessary information and data can be collected in an industrial setting to build the digital
shadow of the product and the production system to be consumed in AR. Furthermore, it should be
investigated in which form this information can be presented to shop floor staff in real time and how
interaction could be carried out. It is important that the design of such a system is focused on the
acceptance of the users, as the full benefit of a new assistance system can only be obtained when it is
used on a daily basis.
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