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Abstract. Augmented reality smart glasses (ARSG) have been available as a
commercial product since 2015. Many potential usage areas have been identified,
including industrial use. The needs from industry have evolved, with more emphasis
being put on sustainability. While ARSG can help improve efficiency and
sustainability, there are also similarly associated costs to their implementation and
use. This paper aims to present a process for how to choose ARSG for specific use
cases as assembly operator support while considering the sustainability of their
implementation. A narrative review of the literature was made to identify the current
understanding of the environmental impact of ARSG, as well as what has been
considered in regards to ARSG being integrated into a manufacturing environment.
The analysis of the literature resulted in a proposed decision process. The decision
process serves as a baseline for how to guide the decision of whether ARSG could
be a suitable solution and, if so, what aspects to consider in the choosing of the
ARSG model. Future work includes collaboration with industry to further improve
the decision process based on empirical input.

Keywords. Augmented reality smart glasses, operator support, cyber-physical
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1. Introduction

Augmented reality smart glasses (ARSG) have become a technology that is utilized in
many different fields, as well as an area of increased research interest [1]. The utilized
fields include the manufacturing industry and, more specifically, assembly guidance [2].

There have been previous studies on what to consider when choosing ARSG, for
instance [3] mapped the then publicly available ARSG and provided a process for how
to evaluate ARSG as assembly operator support. But since then the ARSG market has
changed, with new developers and more variations in technical capabilities [4]. The
market has also continued to grow and is expected to continue to do so. Estimations vary,
by 2030 ARSG have been projected to grow at a compound annual growth rate (CAGR)
of about 40 % from 2023 to 2030 [5]. Another estimation is that ARSG will go from 0.54
million units sold 2022 to 7.55 million units sold by 2027, equal to approximately 69 %
CAGR [6]. While predictions seem to vary, the historical data and general trend indicates
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a continual growth, although the exact rate is hard to estimate. Previous studies have also
found that research on the topic of ARSG is increasing over time [7,8].

Since the main focus for a company is to be profitable and generate sustainable value
for its stakeholders, they must work with sustainable manufacturing principles, such as
6R (Reduce, Reuse, Recycle, Recover, Redesign, and Remanufacturing) [9].

The current relevance of ARSG as assembly operator support and the continued
positive market development creates a need for understanding the ARSG market from
the perspective of applying them for operator support. The ability of ARSG to provide a
more efficient production system is also relevant for companies to reach their
sustainability goals. But at the same time sustainability is becoming a higher priority for
many companies. The aim of this paper is therefore to provide practical guidance in how
to choose and integrate a suitable model of ARSG as assembly operator support in a
sustainable way, while also considering how the integration can improve sustainability
in manufacturing.

2. Research method

The theoretical data collection in this paper has been gathered through the use of the
narrative review method [10]. A narrative review lacks the replicability of a systematic
review, but can still provide value in presenting theory or frames of thought in regards
to the literature in a topic [10]. While there are arguments for systematic reviews having
higher quality, less bias, and being more comprehensive than other types of reviews,
narrative reviews can still be suitable for some types of topics [11]. When the studies
being reviewed are of quantitative studies with diverse methodologies, or if different
theoretical conceptualizations, constructs, and/or relationships have been examined, then
a narrative review would be appropriate to analyze the data [12]. To help support the
creation of better narrative reviews, a scale for assessing narrative reviews has been
proposed [13].

3. Background

This section provides a theoretical introduction to the central concepts of this paper:
augmented reality (AR) and sustainability, as well as their interrelationship.

3.1. Augmented reality

The term “augmented reality”, possibly first used by [14], has since become an area of
great research interest. It is defined as to combine real and virtual objects in a real
environment, run interactively in real time, and to align real and virtual objects with each
other [15]. AR can be implemented spatially, as a handheld device or worn on the user’s
head [16,17]. In this paper the focus is on AR implemented as a head worn device in the
form of ARSG. The definition that is used for ARSG in this paper is “a wearable device
with one or two screens in front of the user’s eyes that can merge virtual information
with physical information in the user’s field of view (FOV) ” [18 p. 1299]. Besides screens,
ARSG are also equipped with various sensors to understand and interact with the
surrounding environment. These sensors include cameras, accelerometers, gyroscopes,
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and sometimes even depth sensors. The cameras capture images and video of the real
world, and this data is used to track the user’s head movement and understand the
environment. The ARSG have a built-in processing unit (often a miniaturized computer
or system-on-a-chip) that handles the computation required for tracking the head
movement, recognizing objects and surfaces, and rendering digital content. This unit runs
the AR software and processes data from the sensors in real-time.

3.2. Sustainability

According to the United Nations Brundtland Commission, 1987, sustainability has been
defined as development that “meets the needs of the present without compromising the
ability of future generations to meet their own needs” [19 p. 16]. Three pillars,
environment, society, and economy should be considered when implementing
sustainability [20].

To reach sustainable production systems, some actions should be considered, like
negative environmental impact reduction, improving the efficiency of energy and
resources, generating a minimum amount of waste, providing safety in operation,
improving personal health, and improving and maintaining the quality of the relevant
product and process [9].

In order to solve the mentioned issues and reach sustainability, it is very important
to design a production system that prioritizes environmental protection, resource
efficiency, and waste reduction, according to [21]. They further describe the intention of
sustainable production systems in the following manner: “Sustainable production
systems are intended to promote sustainable development by ensuring that the needs of
the present are met without jeopardizing future generations’ ability to meet their own
needs” [21 p. 1]. The goal of these systems is to preserve natural resources and to reduce
the negative impacts of the production process on the environment while encouraging
social and environmental development [21].

4. Previous work

In relation to integrating ARSG as operator support within industry in a way that
improves productivity and sustainability, the following aspects needs to be considered,
both in their own perspectives and in relation to each other; ARSG integration and
sustainability. The ARSG integration aspect pertains to what needs to be practically
considered to make the ARSG function and provide value in production over time. The
sustainability aspect pertains to what the challenges are for the manufacturing industry
in improving their sustainability. The two aspects combined pertains to how ARSG
integration both can be attained in a sustainable way and how ARSG can contribute to
increasing sustainability.

4.1. ARSG integration

As previously described, ARSG for industrial application is an area that has seen an
increasing amount of research activity. A comprehensive discussion on ARSG in
manufacturing from a holistic perspective is provided by [8]. Among their findings they
identified that there is a lack of ergonomic studies of ARSG. Furthermore, tracking was
identified as central issue, and four requirements for ARSG deployment in industrial
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environments were defined: tracking accuracy, tracking rapidity, tracking range, and
tracking robustness [8]. And while technological aspects are important, organizational
issues haven been found to be even more relevant [22]. Before considering what ARSG
to buy, a suitable first step could be to identify the cases where ARSG can feasibly add
value [23,24].

4.2. Sustainability in the manufacturing industry

Digitalization in manufacturing has both negative and positive impacts on environmental
sustainability (ES) [25]. The main positive aspect found by [25] is the increasing
efficiency of using both resources and information. But they also found a primary
negative aspect in the increased usage of resources and energy, as well as increasing
waste and emission from the life cycle of the increased use of technology hardware. It is
therefore recommended to make a complete life cycle assessment, considering the life
cycles of both the main product and the supporting technologies and their environmental
impacts. In regards to AR life cycle analysis (LCA), it has been found, when doing an
LCA on a type of ARSG, the Hololens 2, that the highest energy consumption comes
from the use phase and that climate change is the most relevant impact category [26].

4.3. Sustainable AR

While both of the concepts of AR and sustainability are substantially researched, the
concept of AR related to sustainability is a research area that is still unfocused [27]. It
was further found by [27] in their study that there is no clear understanding of how AR
best can be utilized in regards to ES. There is a lack of sufficient empirical evidence on
how AR can benefit ES beyond learning [28]. It is believed that AR will support the
digitalization of the remanufacturing industry which can further automate this industry
[29]. For example, ARSG can provide step-by-step visual instructions for disassembling
and reassembling products. The glasses can assist technicians in performing quality
control checks and inspections by highlighting areas of interest and flagging defects or
discrepancies in real time. This can lead to improved quality and consistency, reducing
the likelihood of errors during the disassembly and increasing the material reusage.
ARSG can also display real-time data, schematics, and documentation, making it easier
for remanufacturers to access critical information. This includes maintenance manuals,
part numbers, and quality control procedures, reducing the need for physical paperwork
and increasing the possibility to recycle parts of the product being disassembled.

5. Things to consider for ARSG

Before making any larger purchases of ARSG, there are some things to consider. A first
step should be to determine what problem the ARSG should solve. There are then two
main considerations: technical considerations and sustainability considerations.

5.1. Technical considerations

The first consideration we present is the technical considerations. There are others who
have evaluated ARSG as operator support from a more technical perspective. Table 1
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presents an overview of aspects from previous studies that are relevant for their
suitability as operator support. A short description also summarizes the different aspects.
As can be seen, the most common aspects that have been brought up are FOV,
interactivity, battery life, weight, weight distribution, durability against dust and water,
tracking and ergonomics.

Table 1. Aspects that have been found relevant for ARSG in previous evaluations.

Aspects

Description

Interactivity [3,8,30,31]

Framerate [30]

Authoring [4]

Weight distribution [18,30]
Price [3]

Powering [3]

FOV [3,4,18,31]

Battery life [3,4,31]

Optics [3]

Camera [3]
Open API [3]

Audio [3]

Sensors [3]

Processors [3]

Storage [3]

Memory [3]

Connectivity [3]
Operating system [3]
Durable against dust [3,31]
Durable against water [3,31]
Aesthetic look [31]
Compatibility [31]
Compactness [31]

Data security [31]

Design frame [31]
Durability [31]
Ergonomics [8,31]

How the ARSG can be interacted with. For instance, voice control,
gesture recognition, or hardware controls.

How fast the system can update renderings, especially when rendering
detailed instructions.

The ease at which new AR content can be created for the ARSG.
How the weight is spread and the impact it has on the user.

The cost per unit.

If the ARSG are powered by battery or an external computer.
How large part of the user’s vision the AR-active part takes up.

How long the batteries will last for the intended use. Referred to as
powering by [31].

If the ARSG are implemented through Optical see-through or Video-
based solutions.

How high the resolution of the ARSG camera(s) are.

Support for third party development, which allows for more content
customization.

Support for both hearing and speaking.

Sensors apart from camera that records information about the physical
world around the ARSG.

How fast the ARSG can do computations to allow for real time
operation.

How much memory storage the ARSG have for content.

How large the work memory is.

How the ARSG can connect wirelessly to update and communicate.
The platform on which the ARSG are based on.

How well the ARSG can handle dusty environments.

How well the ARSG can handle moisty environments.

The visual design of the ARSG.

That the ARSG work seamlessly with other technologies.

How much physical space the ARSG take.

How safe it is to transfer data.

How well the ARSG can be customized to different operator head sizes.
How well the ARSG can withstand damage from continued use.

General challenges related to ergonomic strain on users.
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Hands-free [31] That the user can focus their hand usage on their main task.

Privacy [31] How safe the information exchange between ARSG and other systems
is.

Reliability [31] How well the different components of the ARSG work together.

Weight [18,31] The total weight of the ARSG.

Tracking [4,8] How well the AR content can be positioned relative to the real world.

5.2. Sustainability considerations

The second consideration presented here is that of sustainability. Given the increased
demands put on industry in regards to sustainability, this is becoming increasingly
important to consider. As previously described, there are three aspects of sustainability
to consider: environment, society, and economy.

For the environmental aspect it should be considered how ARSG can help reduce
the use of natural resources [32]. Related to reduction, ARSG can avoid quality rejects
and keep up the intended efficient performance of equipment [33]. Visualizing data, such
as thermal imaging, can identify heat sources or leakages, thereby facilitating energy
effectivizations [33].

In regards to the societal aspect, ARSG can make manufacturing safer by reducing
physical interaction between humans and machinery, promote collaborative tasks and
human-machine interactions, and provide user experiences for training, maintenance,
and operational activities [32].

Since reducing the needs for resources can be beneficial both for the environment
and the economy, some considerations in the environmental aspect are also relevant for
the economical aspect. It should also be considered that an ARSG solution comes with a
cost. Specifically, it should be considered that an ARSG based decision support system
will introduce costs for set up and operation [33]. These costs need to be considered in
relation to the estimated gains from increased efficiency [33].

5.3. A proposed decision process

Based on the diversity of different aspects presented in Table 1, it is clear that there can
be several reasonably relevant aspects to consider when buying ARSG. We here present
a general recommended process, comprised of eight steps, based on previously identified
work. But due to the uniqueness of all different cases, we recommend that the process is
rebalanced based on what is the most important in the chosen case to evaluate.

The first step is to identify the use case, where should the ARSG be used and for
what purpose? Are there perhaps alternative solutions that could be more suitable in the
specific case? It is here important consider as many aspects as possible, such as possible
environmental and economic gains as well as costs. If, for instance, an assembly station
has two variants of a product that only differs with a few assembly parts that are
assembled similarly, a pick by light system could be more cost effective, easier to
maintain, and have a smaller environmental impact.

The second step is to consider how the ARSG should be integrated and maintained
within the production. As changes in production are made, the ARSG need to be
adjustable and updateable just like all other production equipment. An example is that
the operating system used on the ARSG can limit their interoperability with other
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equipment and could create dependencies on specific ARSG-suppliers. While ARSG
could potentially reduce need for paper instructions, they could also increase overall
energy consumption of the production.

The third step is to plan the scale, how many workstations and operators will be
affected, and how many ARSG will be needed? It is recommended to test as early as
possible and in a smaller scale to ensure that there is empirical support that the ARSG
solution is feasible before a large-scale investment is made.

The fourth step is to search the current market for ARSG that can potentially solve
the needs in the chosen case. Given the continued and fast technological development in
the ARSG market, it is recommended to do a thorough search for available ARSG with
a focus on recent developments. It is better at this stage to be inclusive when considering
a model of ARSG.

The fifth step is to rank the identified ARSG based on how well they fit the needs in
the chosen case. Based on how common aspects of ARSG have been in previously
identified publications, we propose the following set of default aspects to consider. FOV
and interactivity are the two most common aspects previously identified. For cases with
complex and often updated assemblies, a large FOV might better visually present the
task. Interactivity is likely most relevant to guide in complex assemblies, to be able to
navigate the instructions with minimal disturbance. Weight, weight distribution, and
ergonomics are all closely related and should be seen as a general aspect of ergonomics.
Existing regulations related to worn equipment, such as hard-hats, glasses, and similar,
could serve as a base line, but specific regulations for ARSG will likely be needed.
Battery life should also be considered. How these aspects should be weighed against each
other will be very case dependent and they can affect each other. Longer or shorter
battery life might come at the cost of heavier ARSG or less functionality, for example.

In regards to sustainability, in the fifth step it is recommended to do a life cycle
analysis of the highest ranked ARSG. Can spare parts be bought for the ARSG, or do
they need to be fully replaced on damage? Are batteries replaceable? Other aspects, such
as FOV and interactivity, might come at the cost of increased energy consumption,
increasing environmental impact and operation costs. Consider what functionality is
actually needed for the use case and take into consideration that more functionality likely
come at the cost in energy, ARSG weight, and complexity.

The sixth step is to buy a minimum viable amount of ARSG to test their suitability
for the case. If there are is not one clearly superior alternative, multiple alternative ARSG
should be considered. It might be enough with one pair of ARSG of each type, especially
in a first evaluation. Operators can experience the ergonomic changes to their work
environment and first evaluations on the information presentation can be compared with
alternative solutions or ARSG. Before proceeding to the next step, the case feasibility
and projected value addition should be thoroughly evaluated, since having physically
available ARSG makes it possible to more realistically test the use case feasibility in
practice.

The seventh step is to buy a minimum viable amount of ARSG to implement the
case. In this step, the goal is to go from evaluation to implementation. It can be expected
that unforeseen challenges will arise at this stage. This step is the most likely to disturb
production and precautions should be taken to handle or avoid production down time.

The eight step is to evaluate how well the use case was served by using the ARSG
solution. In this step it is also included to evaluate the process. Did the steps provide
relevant value or is there a need to modify their content based on the specifics of the use
case? Can this be generalized for similar use cases? Step seven in particular will likely
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present challenges that were not previously identified that can improve the overall
process.

6. Conclusion

The application of ARSG has increased over time, including within manufacturing and
assembly. As a consequence, there is a growing need for research in identifying key
criteria for choosing the right implementation of this technology for different assembly
cases. ARSG can be considered as a valuable support for assembly operators, making it
essential to consider operator requirements when choosing the most suitable ARSG.
Additionally, sustainability is a critical factor to weigh when evaluating any technology,
including ARSG. It is also important to understand how the integration of this technology
can positively impact sustainability and circularity in manufacturing.

Considering these facts, this paper aims to provide practical guidance on selecting
and integrating an appropriate ARSG model for assembly operator support, while
improving and integrating sustainability in manufacturing. The theoretical foundation of
this paper is based on a narrative review.

As a result, this paper has introduced a comprehensive decision-making process to
guide the selection of ARSG for specific use cases. The process considers various aspects,
such as use case identification, integration into production, and scale of implementation.

As the ARSG market continues to grow, and the significance of sustainability in
manufacturing deepens, the insights and guidance presented in this paper can serve as a
valuable resource for organizations seeking to integrate ARSG into their operations
while pursuing sustainability objectives. This paper also highlights the need for further
collaboration between researchers and the manufacturing industry to test and refine the
proposed decision process, ultimately contributing to the sustainable integration of
ARSG in the field.
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