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Abstract

Remote collaboration is a virtual maintenance support strategy that allows local technicians to
virtually engage with remote experts anywhere at the time of need to receive procedural
guidance and instruction. Remote collaboration could enable virtual maintenance strategies
(remote assistance, virtual inspection, site surveys, and training) for the FAA's Technical
Operations organization and help optimize resources, such as travel costs and the time of local
and remote workers. While audio and teleconferencing technologies have been found useful for
remote collaboration, these traditional methods limit the way in which physically distanced
teammates communicate and may not accurately reflect the collaborative behaviors that would
occur in face-to-face maintenance environments. Extended reality (XR) technologies, such as
augmented reality (AR), mixed reality (MR), and virtual reality (VR), can enhance the
capabilities of collaborators through advanced visualization features and a shared visual
perspective to improve the quality and efficiency of maintenance work. To understand how XR
can support remote collaboration processes for maintenance, we conducted a literature on XR-
enabled remote collaboration research. We identified 74 articles and reviewed each article to
understand trends in the following areas: (a) device types of local and remote users, (b)
interaction modes between local and remote users, (c) remote collaboration metrics, and (d)
human factors issues and considerations. Findings from the literature and the implications of
these results for future human factors studies and field evaluation work in Technical Operations
are discussed.

Keywords: remote collaboration, remote assist, maintenance, extended reality, augmented
reality, mixed reality, virtual reality, human factors,
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Introduction

The Federal Aviation Administration’s (FAA's) Technical Operations maintains the infrastructure
of the National Airspace System (NAS) and is responsible for the installation, maintenance,
certification, and modification of facilities, systems, and equipment. The Technical Operations
organization performs a range of mission critical tasks including, but not limited to, preventative
and corrective maintenance on air navigation systems, site inspections and condition
assessments, and design, construction, and modernization of NAS facilities. The changing
landscape of the NAS requires a broader set of technical expertise and technical data for
effective performance. Technicians, for instance, may be required to maintain and certify
different systems (e.g., navigation aids, automation systems, radars), as well as possess the
technical proficiencies to maintain new and legacy infrastructure. The use of innovative
technologies, such as extended reality (XR) and virtualization, can support the increasing
demands placed on the workforce and enable new maintenance strategies to support
operational effectiveness.

XR is an emerging solution in aviation, particularly for maintenance support strategies, because
of the increased accessibility of this technology in headset, tablet, and wearable forms (Torrence
& Dressel, 2022). XR is an umbrella term describing immersive technologies that combine real
world and virtual objects in a single environment, and the interactions that occur between
humans and technology (Alizadehsalehi et al., 2020). XR, which encompasses augmented
reality (AR), mixed reality (MR), and virtual reality (VR), has the potential to present users with
an immersive and data-rich environment to support task performance. XR devices can digitally
give users the right information at the right time, reduce the need for subject matter experts
(SMEs) to be onsite, and enable more effective communication and collaboration between
physically distanced teammates (Key et al., 2022; Y. Lee & Yoo, 2021; P. Wang, Bai,
Billinghurst, Zhang, He, et al., 2020).

One common application of XR in maintenance is remote collaboration. Remote collaboration is
the process of two or more physically distributed individuals working interdependently toward a
common goal (Marques, Silva, Alves, et al., 2022). In maintenance settings, remote
collaboration typically involves a local user, who is performing an onsite task, and a remote user,
who is serving as the technical expert or instructor providing guidance, coaching, or training.
Traditional remote collaboration has been limited to audio and/or video streaming to convey the
local user’s point of view and the remote user’s guidance and instructions. However, these
traditional methods limit the ability of collaborators to gather information as they would if
collaborating in a co-located space — that is, through conversations and gestures, actions with
the physical workspace, and a shared workspace environment (Ens et al., 2019; Tait &
Billinghusrt, 2015).

XR-enabled tools have the potential to improve remote collaboration by expanding non-verbal
communications via hand gestures, eye gaze, and haptic feedback; allowing users to
superimpose digital information onto the real world; and improving feelings of co-presence
between users (Marques, Silva, Teixeira, et al., 2022; P. Wang et al., 2023). These features can
better mirror in-person collaboration, enable collaboration abilities not possible in real life such
as sharing a single point of view (Le Chénéchal et al., 2019), and support knowledge sharing
across collaborators when additional know-how is needed onsite.




XR-enabled remote collaboration has received substantial research attention because of its
expected benefits for maintenance practices (e.g., De Pace et al., 2019; Le Chénéchal et al.,
2019; Vorraber et al., 2020; Zhu et al., 2022). Still, rapid advancements in XR typically result in
research focusing predominantly on technological innovations, and less so on the human
factors that shape effective collaboration (Ens et al., 2019). Some recent work (e.g., Marques,
Teixeira, et al., 2022) focuses on understanding the aspects of XR that support collaborative
processes and behaviors, but critical questions remain. For instance, what XR devices and
capabilities best support the unique role requirements of the local and remote user? How does
XR improve communication and knowledge sharing? What type of collaboration structure is
most effective for maintenance tasks? What human factors issues are improved and/or
worsened by the use of XR?

XR has the potential to support maintenance practices, improve maintenance work in terms of
quality and efficiency, and enable more resource-efficient strategies in terms of time, cost, and
personnel. As the demands of NAS maintenance increase, it is essential to understand how AR,
MR, and VR can be appropriately used to support maintenance strategies, minimize human
factors issues, and maintain the safety of maintenance personnel. The purpose of this report is
to present a systematic review of the research literature on XR-enabled remote collaboration.
This report offers a comprehensive look at the use of remote collaboration within maintenance
(and related) domains, common XR devices used by local and remote users, maintenance tasks
supported by remote collaboration, benefits of using XR over traditional methods, and human
factors considerations for the use of these technologies. This report will inform joint human
factors studies and field evaluation efforts on remote collaboration for NAS maintenance.

Extended Reality

XR is an umbrella term used to describe different types of immersive technologies — including
AR, MR, and VR — that combine aspects of the physical and virtual world. The term “XR”
encompasses all reality-enhancing technologies, with AR, MR, and VR being specific
technologies aimed at extending human performance capabilities and experiences.

The technologies differ in the extent to which they blend reality with the virtual world and/or
obscure the physical environment from the user (Milgram & Kishino, 1994). AR augments
physical environments by superimposing digital information on the user’s visual field so that
virtual and real-world content can be viewed together (Z. Wang et al., 2021). With AR, there is
some real-time interaction between virtual and physical objects, but the interactions tend to be
more superficial than in MR environments. MR, like AR, combines virtual and real-world objects
into a single display, thus many consider MR to be an extension of AR. However, unlike AR, MR
uses technology such as spatial reference, spatial audio, and three-dimensional (3D) data to
enable more real-time interaction with the virtual environment and objects. Consequently, a
common distinction between AR and MR is that MR systems possess some “knowledge” about
the real world, whereas AR systems do not (Skarbez et al., 2021). VR, on the other hand, fully
immerses users in a computer-generated virtual environment (Kaplan et al., 2021). VR is an
entirely artificial environment that is characterized by the feelings of immersion and presence —
that is, the extent to which the environment reproduces a sense of realism and the feeling of
“being there” (Brown, 2018). VR systems typically offer users a high degree of interactivity with
virtual objects through body, head, and hand tracking.
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Device Types

The display devices used to convey AR, MR, and VR experiences have expanded in type and
form factor as technological capabilities have advanced. Users experience XR through head-
mounted displays (HMDs), wearable computer glasses (i.e., smart glasses), projectors, hand-
held devices (e.g., smartphone, tablet), controllers, haptic gloves, and spatial audio, among
others. AR displays primarily include hand-held mobile devices and HMDs, such as Microsoft
HoloLens, Magic Leap, and RealWear Navigator. Wearable AR headsets inherently offer
passthrough, or see-through, capabilities which allow users to view the real world while wearing
the device. AR HMDs come in monocular (i.e., one eye) or binocular (i.e., two eye) options. The
former is believed to minimize hardware interference during task performance, whereas the
latter produces a more natural visual experience for the user (Newton, 2022).

MR displays primarily use passthrough HMDs and immersive HMDs (Catbas et al., 2022).
Passthrough HMDs that offer MR experiences are similar to those used for AR, such as
Microsoft HoloLens and Magic Leap, in that they allow users to view virtual and physical objects
simultaneously. Immersive HMDs, such as the HTC Vive XR Elite and HP Reverb G2, obscure a
user’s view of the real world, but offer the option for viewing the outside world through integrated
cameras in the HMD. For VR, HMDs are the primary device type used to immerse users in a
virtual environment, but VR experiences are also sometimes achieved using projections. For
example, the cave automatic virtual environment (CAVE) projects images on the walls of a
room. Commonly used VR HMDs include the Varjo Aero, Varjo VR-3, Meta Quest 2, and HTC
Vive Pro. VR systems can be standalone — such that all of the equipment needed for the HMD
to run is contained in the headset (for example, inside-out tracking) — or tethered, which requires
a wired computer connection and external cameras.

The type of information, interactions, and experiences available to users is bounded by the AR,
MR, or VR device type. Hand-held AR devices, such as smartphones or tablets, can capture the
task space and augment the user’s view by superimposing annotations onto the device’s
screen. However, handheld devices (HHDs) do not enable hands-free operations, which may be
essential if users need to view the display while manipulating a piece of equipment. HHDs may
require users to split attention between the task and device display, leading to greater strain on
attention.

Wearable AR and MR devices, in the form of computer glasses or HMDs, typically do not
occupy a user’s hands, leaving them free to perform hands-on activities while maintaining view
of the task space, which may be more critical in dynamic task settings (Johnson et al., 2015).
However, some HMDs require the use of a controller for interacting with virtual objects. In
addition, HMDs may be tiring to wear, limit one’s field of view, and not fit with required attire,
such as Personal Protective Equipment [PPE]).

VR systems generate experiences that are not suitable for individuals working with equipment
onsite. However, immersing remote users in a virtual replica of the local workspace may offer an
effective shared environment for collaboration (P. Wang et al., 2019). XR device displays and
recent advances in sensory and interaction capabilities (e.g., eye gazes, hand gesture, haptic
feedback; Bai et al., 2020; Cho et al., 2022; Jebbar et al., 2019; van Oosterhout et al., 2015)
have the potential to support realistic collaboration experiences if aligned appropriately with task
requirements.
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Remote Collaboration

The modernization of the NAS calls for a broader range of technical expertise and information to
maintain and sustain critical facilities, systems, and infrastructure. However, the needed
expertise or guidance may not always be available nearby. This increase in complexity of the
NAS increases the need for a collaborative approach to maintenance tasks such as field
support, site surveys, inspections, and training. With the collaborative maintenance approach,
tasks are completed collaboratively between a team member local to the designated facility and
a geographically distanced (or remote) team member serving as a technical expert. In such
situations, the local technician shares visual and/or verbal information with the remote expert,
who offers step-by-step guidance or coaching until assistance is no longer required (Calandra et
al., 2021). The remote collaboration process can help users overcome the challenge of resource
constraints and distance and ensure that the right expertise is available at the right time (and in
the right format).

Remote collaboration, also referred to as remote expert assistance or collaborative
maintenance, is defined as a “multi-stage and iterative process going through steps such as
sharing and perception of collaborative state, users interacting with the system to express
collaboration intent, and manipulating physical subjects, etc.” (P. Wang, Bai, Billinghurst, Zhang,
Zhang, et al., 2021, para. 2). The idea of remote collaboration has origins in Computer-
Supported Cooperative Work, which seeks to understand how technology can support
collaboration, communication, and knowledge sharing between physically distributed individuals
(Y. Lee & Yoo, 2021; Marques, Silva, Alves, et al., 2022). In P. Wang, Bai, Billinghurst, Zhang,
Zhang, et al. (2021), remote collaboration is described as a “human-centered technical activity”
(para. 2) that enables collaborators to understand their partner’s intention and perspective and
work together despite geographic restrictions to achieve a common goal.

Remote collaboration in maintenance is unique from other forms of remote collaboration
because it is an asymmetrical process. Specifically, the distribution of knowledge between users
is not balanced (P. Wang, Bai, Billinghurst, Zhang, Zhang, et al., 2021). Local users understand
the physical workspace and local problem, whereas the remote expert has the technical
knowledge for completing the task (P. Wang, Bai, Billinghurst, Zhang, He, et al., 2020). The
dispersed information across collaborators makes proper communication critical to achieve
effective coordination, as the local user must comprehend and carry out the instructions of the
expert, and the expert must properly guide the local technician in a safe and efficient manner.
The media and methods used for remote collaboration are therefore critical for establishing
common ground and a shared understanding between the local and remote individuals.

Traditional Approaches to Remote Collaboration

Audio and video are traditional media for remote collaboration, with video streaming being the
most common solution (K. Kim et al., 2018). In an audio-only scenario, local and remote users
communicate via telephone and are limited to verbal descriptions of the problem, needs, and
guidance. In video-conferencing scenarios, local users share live video of the task space from a
fixed-view camera to give the remote expert a view of the workspace, allowing both verbal and
visual communication of the problem. This shared visual space increases situation awareness —
a shared understanding of the task in relation to the end goal. It also offers a conversational
grounding of the task state to help ensure mutual understanding and assumptions between
collaborators (Fussell et al., 2003).
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Research generally suggests that audio and videoconferencing benefit the remote collaboration
process for physical tasks, in terms of communication and performance (Fussell et al., 2004).
However, traditional methods limit the way in which users communicate with one another, offer
only a subset of potential communication cues, and do not mimic the same type of collaboration
that would occur if collaborators were co-located. For instance, remote experts are typically
restricted to passive viewing of the visual feed and limited in their use of non-verbal
communication cues (Calandra et al., 2021; Marques, Silva, Alves, et al., 2022). Other identified
limitations include the visual field being fixed to the local user, poor field of view for the remote
expert, the inability to reference areas of interest, and increased workload for local users who
have to physically perform the task while listening to verbal instructions (Tait & Billinghurst,
2015; P. Wang, Bai, Billinghurst, Zhang, Han, et al., 2020; P. Wang, Bai, Billinghurst, Zhang, He,
et al., 2020). While these methods permit remote collaboration, they may not fully enable the
type of collaboration, communication, and actions needed when working on safety-critical
equipment.

Extended-Reality Remote Collaboration

The asymmetrical nature of collaborative maintenance tasks stresses the need for proper
communication and coordination. Without these components, remote experts may be unable to
transfer knowledge effectively to the local technician. Huang et al. (2018) note that the loss of
common ground and mutual understanding between collaborators is a main contributor to
remote collaboration inefficiencies. Given that traditional approaches to remote collaboration
(e.g., audio or video-based collaboration involving reduced non-verbal cues and limited visual
information) constrain the interaction between local and remote users, many have turned to XR-
enabled solutions as a potential answer for remote collaboration (P. Wang, Bai, Billinghurst,
Zhang, Zhang, et al., 2021). XR-enabled remote collaboration includes collaborating across
AR/MR devices, between AR/MR and VR devices, and between AR/MR devices and traditional
methods (Y. Lee & Yoo, 2021).

XR is a proposed remedy to the drawbacks of traditional approaches because of its potential to
support more natural and intuitive interactions. The suggested benefits of AR, MR, and VR
technologies for remote collaboration are the sharing of non-verbal cues (e.g., eye gaze,
gestures; Bai et al., 2020), AR annotations (e.qg., digital markers, drawing; Ludwig et al., 2021; P.
Wang, Bai, Billinghurst, Zhang, He, et al., 2020; Marques, Silva, Rocha, et al., 2021; Mizuno et
al., 2021), user-friendly interfaces (De Pace et al., 2019), and improved viewing like the see-
what-I-see perspective, and depth perception of the local workspace (Anton et al., 2018). These
benefits are important for maintenance tasks where physical actions and other non-verbal
communication cues often complement an expert’s verbal instructions. In addition, the display
interfaces of AR/MR devices offer simple, clear annotations that help focus user attention on
task needs (Marques, Ferreira, et al., 2022). XR supports synchronous and asynchronous
collaboration paradigms (Calandra et al., 2021). In synchronous settings, the remote expert
works simultaneously with the local user as the task is completed. In asynchronous settings, the
remote expert delivers the needed information via AR/MR content to the local user, who
completes the task without the expert online.
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Potential NAS Maintenance Applications

For Technical Operations, XR-enabled remote collaboration has the potential to inform the
following practices: remote assistance, virtual inspections, site surveys, and training. For remote
assistance, a remotely located expert offers procedural guidance, coaching, and assistance to a
local technician for maintenance/troubleshooting/system support. Remote assistance provides
the local technician, who may not have the technical expertise or information needed to
complete the task, real-time assistance. XR devices present collaborators with a shared visual
space by allowing the remote expert to see what the local technician is looking at and enable
verbal and non-verbal communication cues for effective procedural guidance.

XR can enable virtual visits to support site survey and visual inspection practices, as well as
improve human visual capabilities that typically hinder inspection tasks. In such situations, the
onsite technician could transport the remote expert(s) to the local facility through a mobile
device or HMD providing a ‘see-what-I-see’ point of view. The expert could then offer remote
assistance or coaching as the local user walks through the NAS facility to perform conditions
assessments or equipment implementation strategies. Additionally, the enhanced visualization
features of AR/MR systems would allow critical information, such as as-planned, digital models,
to be viewed simultaneously with the as-is condition (Halder et al., 2022; Runji & Lin, 2019). XR
devices can enable asynchronous visits as well by capturing imagery of equipment and
infrastructure, which can be stored and analyzed at a later point (and potentially recreated into a
3D model that is viewable in VR).

XR-enabled remote collaboration can also enhance on-the-job training (OJT) and familiarization
practices. The remote user (i.e., instructor) could connect with the local user (i.e., trainee) to
give procedural guidance and coaching on the designated task or learning objective. The
instructor could see the trainee’s point of view and supply verbal and non-verbal instructions to
help develop job-relevant skills. These sessions could be conducted one-to-one or one-to-many
(Marques, Silva, Dias, et al., 2022a). XR may not only make remote training possible, but
potentially improve instruction and learning through advanced capabilities, such as haptic
feedback, gesture-based instruction, eye tracking, and AR annotations. Importantly, remote
collaboration for the purposes of training can serve as a distance learning strategy that reduces
the need for trainees to travel and increases the availability of job critical training.
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Methods

We conducted a systematic review of research on XR-enabled remote collaboration to
document the current state of the field. We included studies investigating the use of AR, MR,
and/or VR for remote expert assistance and remote collaboration applications in domains
relevant to technical operations, including maintenance, engineering, construction, and aviation.
We used seven databases to identify articles relevant to this topic — Defense Technical
Information Center (DTIC), Embry Riddle Commons, Google Scholar, IEEE Xplore, JSTOR,
NASA Technical Reports Server (NTRS), and Web of Science.

Each database was filtered for articles that included a combination of at least one domain
phrase, at least one remote theme phrase, and a technology phrase. Domain phrases included
“aviation,” “construction,” “engineering,” and “maintenance.” Remote theme phrases included
“collaboration,” “expert assistance,” “guidance,” “inspection,” “knowledge transfer,” “mentoring,”
“training,” and “troubleshooting.” Technology phrases included “AR,” “XR,” “MR,” “VR,” and
“wearable computer glasses.” We sourced additional articles from citation searches within FAA
conference papers and Google Scholar’ using the same keywords, or from the Principal
Investigator (PI) directly. We reported these articles as “Citation Searching” during the article
identification process. Figure 1 gives a visual representation of how we identified studies
following the Preferred Reporting ltems for Systematic Reviews and Meta-Analyses (PRISMA)

method.

”

The initial search yielded 428 identified articles. Of these, we excluded 23 articles because they
were either not accessible, written in a foreign language, or duplicated. After reviewing titles and
abstracts of the remaining articles, we excluded 191 articles that were outside of the topical
scope of this review. We then screened the eligible articles with a full-text review. To meet final
inclusion criteria, the articles were required to be peer reviewed and contain either empirical or
quasi-experimental studies. This resulted in 74 studies to analyze for key variables.

" Initial literature searches were conducted with Google Scholar; the lack of an advanced search toolbar and a lack of
a targeted topical area suggests the initial search results may be less targeted than the database searches.
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Figure 1

Flow Diagram of Study Inclusion

Identification

Screening

Included
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We reviewed the main findings and methodology of each article and extracted information that
aligned with the scope and focus of our effort. This information included:

¢ Task domain (e.g., aviation, construction, engineering, maintenance)

o Technology (e.g., AR, VR) and device type (e.g., HMD, mobile application) used by local
and remote users

¢ Mode of interaction between local and remote users

e Performance metrics

e Human factors issues considered in the study?

Results

The articles included for analysis (N = 74) were published between 2000 and 2023. The maijority
(73%) were published between 2019 and 2023. The increasing number of publications in recent
years reflects the increased availability of AR, MR, and VR technologies and the growing
interest in using these technologies to enable remote collaboration and assistance for
maintenance. Articles were sourced from Frontiers in Robotics and Al, Frontiers in Virtual
Reality, Human Factors, IEEE, International Journal of Human-Computer Interaction, and Safety
Science, among others. Fifty-one articles (69%) were empirical studies.

The application of XR-enabled remote collaboration and assistance was investigated across a
range of tasks; namely, disassembly, assembly, replacement, inspection, installation, and
training. A few articles illustrate the type of maintenance tasks being explored (e.g., Y. Lee &
Yoo, 2021; Tea et al., 2022; P. Wang, Bai, Billinghurst, Zhang, Wei, et al., 2021). For example:

Y. Lee and Yoo (2021) studied collaborative repair for a ball valve replacement involving
disassembly, replacement, and assembly procedures. In this study, the local technician
used an AR-supported tablet to display the local work environment to the remote expert
who was wearing a VR HMD. The remote expert was able to convey the correct
procedural actions needed to complete the ball valve replacement to the local
technician’s tablet via their actions with the VR system.

Tea et al. (2021) compared an immersive VR system and non-immersive system for
remote collaboration during a design review and building inspection task. In the
immersive condition, team members reviewed the design drawings and interacted using
VR HMDs, whereas those in the non-immersive condition reviewed the drawings and
interacted using a desktop. Participants in the immersive remote collaboration system
identified more design errors during the building inspection task than those in the non-
immersive group.

P. Wang, Bai, Billinghurst, Zhang, Wei, et al. (2021) explored the use of an MR remote
collaboration system for an assembly training task. The authors compared a remote
collaboration system that supported the sharing of three-dimensional (3D) computer

2 These included: physical (e.g., motion sickness, visual fatigue, physiological fatigue), psychological (e.g., situation
awareness, cognitive load), safety (e.g., limited field of vision, body positioning), environment (e.g., lighting, indoor vs.
outdoor, interruption caused by PPE and tools, temperature), and usability (e.g., operation time, Ul, interaction with
systems) factors.
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aided design (CAD) models to a system that supported 3D gesture and CAD model
sharing for training on a water pump assembly task. The remote collaboration system
that combined 3D gestures and CAD models showed benefits with respect to task
completion time and user experience.?

As demonstrated by these examples, XR-enabled remote collaboration has the potential to
inform maintenance practices across many domains. The results below summarize the use of
XR devices for local and remote users, the different modes of interaction enabled by XR, how
the effectiveness of these technologies is typically measured in a remote collaboration
paradigm, and different human factors considerations.

Local User — XR Type and Device Display

For local users, we summarized the prevalence of different XR types and device displays across
the studies. The local user represents the on-site technician or individual located at the physical
facility requiring support from the remotely located expert. Local users have access to the
physical equipment to address problems. Local users are tasked with conveying information
about the physical environment to the remote expert and following the instructions of the remote
expert while receiving procedural guidance. In the majority of studies examined (62%), the local
user used an AR-based device. VR-based devices were the second most common device
(28%) followed by MR devices (10%). Figure 2 displays the prevalence of different device
displays for local users. Headsets, or wearable computer glasses, were used in 52% of the
studies. There was a roughly equal split among the remaining display types of interest:
computers (16%), tablets (16%), and mobile applications (14%).

Figure 2

Prevalance of Device Displays for Local Users
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3 For additional examples of XR applications for maintenance training, see the following articles: Bailey et al. (2017);
Bowling et al. (2008); Gangabissoon et al. (2020); Hoang et al. (2022); H. Lee et al. (2022); Li et al. (2022);
Macchiarella and Vincenzi (2004); Rose et al. (2000); Valimont et al. (2007).
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In maintenance environments, the use of headsets aligns well with common
maintenance tasks, as it allows local users (technicians) to receive augmented/virtual
information without occupying one’s hands, enabling users to perform the tasks and receive
instructions simultaneously. Following are examples of the use of headsets by local users:

In the study reported by Sara et al. (2022), maintenance workers were equipped with
Vuzix® M400 Smart Glasses, a monocular video see-through display that allows for left
or right eye use. The display is mounted on lensless frames and can be controlled by
manual input or voice command.

Sasikumar et al. (2019) examined the use of the Magic Leap device for local users in a
remote collaboration setting. Magic Leap is a binocular headset that offers native
passthrough capabilities, which allows the user to see the real world while wearing the
device.

The Magic Leap device allows users to interact with augmented information via a hand
controller or gestures. Vorraber et al. (2020) evaluated the Microsoft HoloLens as a
remote assistance tool on a sample of maintenance engineers. The Microsoft HoloLens
is an optical HMD that supports hands-free operations, 3D-hologram information, and
tracking.

Conversly, Obermair et al. (2020) discussed the use of smartphone for remote
collaboration for an assessmbly task. Local users held the smartphone device in front of
the equipment to display video to the remote expert. During mechnical tasks like part
handling, the smartphone was laid down.

Remote User — XR and Device Type

Similarly, we summarized the prevalence of different XR types and device displays used by
remote experts across the selected studies. Remote users are physically distanced SMEs who
have the required knowledge for addressing the maintenance issue but are less understanding
of the physical workspace and local problem compared to the local user. Remote users must be
able to adequately view the work environment in question and offer accurate and clear
procedural guidance to the local user. In studies where the remote user used XR to
communicate with the local user, 56% reported that the remote expert used a VR-based device,
followed by AR-based devices (37%). Figure 3 displays the prevalence of different device
displays used by remote users. The most used device display was a computer (47%) followed
by headsets/HMDs (35%). Only a few studies reported remote experts using other devices,
such as a tablet (8%), mobile phone (6%), or others (for example, an interactive table, 3%).
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Figure 3

Prevalance of Device Displays for Remote Users
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For remote experts to supply effective instruction and guidance, a clear view of the local
workspace and the ability to communicate with the local technician are essential. Computers
and HMDs appear to be commonly used device displays, as they enlarge the view of the shared
visual field, thus enabling effective collaboration with the user. Several studies explore
commonly used device displays. For example:

Chen et al. (2019) studied remote collaboration for facility maintenance management,
where the remote user connected via computer to the local user who was using a tablet
device. The computer generated a shared visual field between the remote and local user
and allowed for real-time interaction with the facility and equipment.

Both G. Lee et al. (2018) and De Pace et al. (2019) investigated the use of a VR HMD,
the Oculus Rift, for connecting remote experts to local users.

In G. Lee et al. (2018), the use of the VR HMD allowed for both a shared and
independent view of the local workspace, captured via the local user’s AR headset and a
mounted 360-degree camera. That is, the remote user could see what the local user was
looking at, but also view the workspace independently from the local user. The HMD
captured non-verbal communication cues of the remote user (e.g., hand gestures; G.
Lee et al., 2018). De Pace et al.’s (2019) investigation of collaborative virtual
environments in industrial maintenance involved remote experts using a VR HMD to
assist a local user wearing an AR headset.

Mode of Interaction

The use of XR allows for interactions between local technicians and remote experts to extend
beyond voice and video sharing. XR can enables communication, such as non-verbal cues, that
are often relied on when collaborating on physical tasks in a co-located space. It can also
enable communication that is only possible through advanced visualization capabilities, such as
guiding virtual arms (Le Chénéchal et al., 2019). Understanding how XR allows communication
via advanced visual information was a principal focus of several articles included in this review
because of the importance of common ground, or shared knowledge and beliefs, to the remote
collaboration process. The process of establishing common ground involves conversational
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grounding, which refers to the ways in which collaborators interact to ensure that messages are
correctly understood and can include verbal and non-verbal behaviors (Fussell et al., 2003).
Conversational grounding is a key aspect of the collaboration process as it enables local and
remote users to coordinate activities and ensure messages are received as intended.

While the primary method of interaction still relies on the traditional modes of audio and video,
several novel approaches to interaction, including AR annotations, hand gestures, eye gaze,
and haptic feedback, were investigated as well. AR annotations are frequently used for
enhancing communication between local and remote users. AR annotations, such as
pins/markers, shapes, drawing, and pointing, are an effective way to recreate natural
interactions and establish shared understanding between users. For example:

Marques, Silva, Dias, et al. (2021) found that remote experts preferred using drawings
(for example, circling the location of a component) and pre-defined shapes (such as
arrows) to communicate with local users. Aligning AR annotations with the task
environment resulted in shared awareness and better understanding of where to perform
a subsequent action or task.

Marques, Silva, Teixeria, et al. (2022) examined an AR-based annotation tool that allows
both local users and remote experts to use annotations (e.g., drawing, pre-defined
shapes), in addition to audio, to communicate about the maintenance procedure.
Compared to an audio only communication, the use of the AR annotation tool not only
resulted in quicker task completion time, but users thought the annotations made it
easier to communicate, share ideas, understand information, and attend to the right
information.

More novel approaches to interaction, including head tracking (Hatzipanayioti et al., 2019),
haptic tools (Le et al., 2016), and hand gestures (Zentai-Henda et al., 2014), were also
explored. For instance:

Oyama et al. (2021) studied an XR behavioral navigation system (BNS) that
superimposes the hand gestures of the remote expert over the hands of the local user
(in their visual field) to enable remote expert guidance. The BNS was proposed to better
support remote assistance as it allows the local user to directly follow the hand
movements of the remote expert. Oyama et al. compared the BNS to a conventional
remote assistance system (i.e., video sharing with AR annotations). The BNS resulted in
faster task completion time and higher task success rate than the conventional
approach. Additionally, both the remote experts and local users rated the BNS more
favorably in terms of ease of use.

Sasikumar et al. (2019) investigated the efficacy of user-centric and device-centric cues
for communication. User-centric cues were defined as the eye gaze of the local user and
the hand gestures of the remote expert, as they represent natural forms of non-verbal
communication. Device-centric cues were defined as the view frustum of the local user
(i.e., local user’s field of view) and spatial annotations from the remote expert.
Participants performed tasks while viewing the different cues. The authors found no
significant difference between the cues in task completion time, feelings of co-presence,
or attention allocation. Both remote and local users reported higher ratings of mental and
physical effort when performing the task while viewing the user-centric cues, suggesting
that these cues were more mentally and physically demanding. However, 60% (6 out of
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10) of remote users preferred the device-centric cues, whereas 70% (7 out of 10) of local
users preferred the user-centric cues.

P. Wang, Bai, Billinghurst, Zhang, Han, et al. (2020) explored the use of haptic (touch)
feedback for hand-drawn cues during remote collaboration on an assembly task.
Specifically, the authors studied whether providing remote experts with a tangible
physical surface would support hand-drawn gestures compared to mid-air free drawing.
Remote users sketched annotations on a physical surface or in the air using their hand,
which were displayed in the local user’s view. No significant differences in performance
or number of operational errors were found across conditions. However, remote users
preferred drawing on the tangible surface to the mid-air drawings. Remote users
reported that the tangible surface offered better controllability of the drawings, making it
easier to supply precise annotations to the local user.

Santos-Torres et al. (2022) examined how a local workspace is represented within the
remote collaboration process and whether performance is impacted by the type of visual
representation (e.g., shared experience, shared workspace). The shared experience
scenario was a complete virtual replica of the entire task environment, including realistic
avatars and office equipment/furniture. The shared workspace scenario only included the
relevant workspace needed to complete the task. The authors found that the simple
representation (i.e., the shared workspace scenario) was better in terms of task
efficiency and workload than the complex representation (i.e., the shared experience
scenario). This finding suggests that simple, task-oriented interfaces may improve
collaboration.

Measuring the Effectiveness of Remote Collaboration

XR makes remote collaboration possible in ways not previously available to maintenance
personnel. Besides enabling collaborative strategies, XR-enabled remote collaboration should
show benefits for task performance. That is, it should reduce the time needed to perform the
maintenance task, reduce workload, decrease errors, and promote better communication across
remote and local users compared to traditional methods.

Performance metrics commonly used to evaluate XR-enabled remote collaboration can be
categorized in three groups: 1) task-based, 2) collaboration-based, and 3) user feedback. The
task-based category encompasses metrics that assess how well the task at hand was
completed, including task completion time, error rate, number of correct steps, and workload.
The collaboration-based category focuses on outcomes concerning the interaction and
communication between the local and remote user. Collaboration-based metrics include number
and types of interactions, visual clarity, number of words spoken, number of questions asked,
and social presence (Harms & Biocca, 2004). User feedback represents user perceptions and
reactions to the technology being used, including usability ratings, acceptability, and user
friendliness. Figure 4 displays the prevalence of reported metrics across the identified studies.

Task-based measures, such as time on task and performance errors, were the most commonly
used measures and were assessed in 82% of studies. User feedback measures were the
second most common performance metric and were used in 73% of studies. Interestingly,
collaboration-based measures, such as type of interactions and communication quality, were
used least often as they were only used in 23% of studies. The emphasis of task-based
measures and user feedback over collaboration-based metrics may reflect the need to establish
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basic performance benefits and acceptance in the early stages of this paradigm. That is,
understanding if the technology produces equivalent or better performance than other
alternatives and if users accept this technology might currently be more critical in establishing
the efficacy of XR-enabled remote collaboration. However, in the long run, ensuring that this
technology promotes effective communication and interaction may be just as important.

Figure 4

Prevalence of Performance Metrics Across Studies
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Task-Based Metrics

Maintaining the services offered by systems and equipment relies on tasks being completed in
an efficient, quality, and error-free manner. XR-based solutions should contribute to overall task
performance and, ideally, reduce the workload or effort required to collaborate with a physically
distanced teammate. Taken as a whole, evidence from the selected articles generally suggests
that compared to traditional methods of collaboration (e.g., phone, video, and paper-based
engagement), XR-enabled remote collaboration results in equivalent or better outcomes in
terms of task completion time (e.g., Aschenbrenner et al., 2018; Asl & Dossick, 2022; Tavakkoli
et al., 2020), number of errors (e.g., Braly et al., 2019, El Ammari & Hammad, 2019), and
workload (e.g., Hou et al., 2013, Liu et al., 2022). Time spent on task was typically represented
as the total time needed to complete a task (and sub-tasks) and errors were typically
represented as the number of deviations from instructions or incorrect actions. Workload was
frequently assessed using the NASA Task Load Index Questionnaire (NASA-TLX; Hart &
Staveland, 1988)

For example, Obermair et al. (2020) compared an AR remote support system to traditional
paper-based instructions for maintenance on an industrial PC. For the AR system, the local user
connected with the remote expert by using a smartphone to capture the PC in real time. The
remote expert could add virtual content to the smartphone display as well as deliver verbal
instruction. While there was no difference in overall completion time, those using the AR-based
system were quicker at identifying the correct PC type and removing the PC cover, whereas
those using the paper-based instructions were quicker at removing and assembling the heat
pipe. Importantly, those using the AR systems committed 75% less errors.

Del Amo et al. (2020) investigated an AR remote collaboration system involving local
technicians and remote experts that used a structured-message format for improving remote
diagnosis. The structured-message approach standardized communication between local
technicians equipped with an MR HMD (i.e., HoloLens) and remote users equipped with a




desktop computer. Specific message elements (e.g., equipment component, equipment
location, required action) and AR content were generated based on the message (e.g.,
highlighting a component on the technician’s visual field). The authors compared the AR
approach to traditional communication methods (phone call and emails) on the remote
diagnosis of an aircraft’s fuel hatch. There was no difference in the number of errors between
conditions, but the AR system reduced task time by 56%.

Marques, Silva, Dias, et al. (2022b) compared remote collaboration using an AR-based
guidance system to traditional video chat for a maintenance task involving replacing
components, plugging and unplugging energy modules, removing sensors, and installing new
components. In the video chat condition, the on-site participant shared the equipment with the
remote expert via live video stream using a handheld device (HHD) and verbally communicated
using the video chat. In the AR condition, on-site participants used the HHD to connect with the
remote expert, and both participants could communicate verbally or through AR annotations
such as drawings, shapes, and notes. On-site users could use annotations to ask questions or
show intent, and remote users could use annotations to transmit instructions. The AR-based
system resulted in quicker task completion time and lower mental effort.

Despite these promising findings, there is some evidence suggesting that the technology may
differentially impact local technicians and remote experts. For example, Bai et al. (2020)
investigated different communication cues in remote collaboration environments. Remote
experts could communicate instructions to the local worker using eye gaze, where a line
representing the remote expert’'s gaze direction would be overlaid on the local worker’s AR view,
and/or hand gestures, where the remote expert’s hand movements would be displayed through
the local worker’s AR view. The authors found that task completion time and workload ratings
were better using AR cues than only verbal instruction; however, remote users reported higher
levels of workload than local users in the AR condition.

Similarly, Niedermayr et al. (2022) investigated a novel remote collaboration system where the
local user wearing a Microsoft HoloLens 2 collaborated with the remote expert wearing an HTC
Vive Pro in a shared virtual environment in real time. Remote experts instructed the local user
through 14 tasks. Local users scored on the lower end of the workload scales. While scores for
the remote experts were still relatively low, they were higher on all scales compared to the local
users. The remote experts scored particularly high on the Mental Demand subscale suggesting
that the virtual representation of the environment made the task more taxing.

User Feedback

Understanding the usability of a system, or the ease in which it can be used efficiently and
effectively, is an important step in early iterations of a technology as it allows users to supply
feedback on their willingness to accept the new technology. Several studies on XR-enabled
remote collaboration found favorable ratings of system usability* (J. Kim et al., 2020; Langa et
al., 2022; Rigamonti et al., 2021) and/or satisfaction with the performance of the system for both
AR and VR (e.g., Loizeau et al., 2021; Troung et al., 2021). However, one study compared
ratings between different XR types and found that AR may be viewed more favorably than VR
for training on a maintenance assembly task (Gavish et al., 2015).

4 Usability was most often measured using the System Usability Scale (SUS; Brooke 1996).
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Cho et al. (2022) developed a remote collaboration system for Building Information Modeling
(BIM). The field operator, wearing a Microsoft HoloLens, walked around the field site to view
building structures with BIM images superimposed in the user field of view. The office manager
(remote expert) could view the field operator’s perspective from their desktop computer. Both
field operators and office managers favorably rated the system’s usability because it helped
users identify virtual objects and move virtual objects to their desired location and enabled
effective communication between users. Huang et al. (2018) studied a gesture-based MR
system for distributed collaboration that offered the capability to render a remote workspace to a
local user in real-time. Remote experts used VR HMDs and optical head-trackers to immerse
the user in the 3D environment and track hand movements. Local users used a 3D camera to
share the workspace to the remote expert and used a 2D monitor to view the remote expert’s
gestures in the shared virtual space. Participants gave favorable ratings for the system’s
usability in terms of perception of interaction, perceptions of gestures, ease of use, and ease of
learning, among others.

Calandra et al. (2021) investigated the usability of two remote collaboration modalities — partially
assisted and fully assisted. Fully assisted remote collaboration refers to the typical one-to-one
guidance process where the remote expert walks the local technician through the process step-
by-step. In contrast, partially assisted collaboration refers to a situation where the remote expert
delivers all AR content and information required to address the issue to the local user from the
onset, and only interacts with the local user if they reach another sticking point. Calandra et al.
(2021) found that users gave higher usability scores to the partially assisted modality because it
allowed technicians to work more quickly and efficiently.

Marques, Silva, Alves, et al. (2022) evaluated the effectiveness of a remote collaboration
system in participatory installation tasks, such as installing new filters. The participant acting as
the on-site technician used an HHD to connect with the remote expert, who was using a laptop
computer. The on-site technician captured the local workspace via the HHD, and the remote
expert provided procedural guidance through AR annotations, including sorting annotations
(temporal ordering/information clustering), 3D gestures, and step-by-step instructions. While
participants had positive views of the AR annotation’s utility and helpfulness, there were some
concerns about the use of HHD, as it would require facing the device toward the equipment
while simultaneously trying to repair it.
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Collaboration-Based Metrics

Effective communication, coordination, and interaction is essential to successful collaboration,
and even more so when collaborators do not have a shared workspace. Despite the emphasis
on collaboration, little research has explored collaboration-based outcomes compared to task-
based or user feedback outcomes (e.g., Marques, Silva, Dias, et al., 2022b). Marques, Teixeira,
et al. (2022) noted that “While creating the means to support collaboration clearly motivated
early research, advances in AR have been limited by new technical developments, which means
most of the research efforts, so far, have been focused on creating the enabling technology...”
(pg. 620). While effectively measuring collaborative processes is difficult, the few studies that
have focused on collaborative behaviors highlight critical takeaways for remote collaboration
practices, including communication behaviors and feelings of co-presence (e.g., Iwai et al.,
2017; Numan & Steed, 2022)

Fussell et al. (2003) evaluated the impact of different remote collaboration set-ups on
communication efficiency in an assembly task. The authors compared five collaboration
conditions: side-by-side (local and remote users were in the same room), audio only, head
camera with eye tracking (see-what-I-see perspective), scene camera (independent view), and
head camera plus scene camera. Communication efficiency was measured as the number of
spoken words, with fewer spoken words reflecting more efficient and higher quality
communication. On average, remote experts did two-thirds of the talking during the assembly
task. Remote experts spoke significantly less in the side-by-side condition, but no other
significant differences were observed between the other conditions. The local worker spoke
significantly more in the audio-only condition and significantly less in the side-by-side condition.
Local workers also spoke less in the scene condition and scene plus head camera condition
than in the head camera only condition.

Dai et al. (2021) conducted a field experiment on how MR influenced safety risk communication
during remote collaboration on a construction site. The on-site worker, using an MR HMD
(HoloLens), and the remote expert, using a tablet, communicated potential hazards and
violations in the workplace environment using AR annotations. The effectiveness of the
HoloLens was compared to phone calls, emails, face-to-face meetings, and video
teleconferencing. Users perceived the HoloLens as having produced more accurate risk
communication (easier conveying and understanding of messages) than all other forms of
communication, with 66% of responses favoring MR over face-to-face meeting, 67% favoring
MR over emails, 75% favoring MR over video conferencing, and 80% favoring MR over phone
calls. Users also perceived the HoloLens as providing a more efficient means of communication.
Despite these findings, only 32% of participants were willing to accept AR for risk
communication uses given the current state of technology. The authors suggested this was
likely due to unfamiliarity with the product and limitations related to the hardware (e.g., limited
field of view, connectivity-related pixelation)—factors expected to improve over time.

Marques, Ferreira, et al. (2022) explored the impact of the virtual characteristics of AR content
on collaborative activities. The authors identified five dimensions that could impact the
effectiveness of visual AR content: visual complexity, visual impact, clarity, directed focus, and
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inference support®. The authors tested the visual quality of AR content (e.g., drawings, markers)
in a scenario in which local users had to remove and install a new fan of a boiler while being
guided by a remote expert. Users found that AR content contributed to better situation
awareness and understanding of the task. Specifically, the AR content was clear (high visual
clarity) and useful (high visual impact) without overburdening users with information (low visual
complexity).

Ludwig et al. (2021) studied a prototype application for remote collaboration, shARe-it, which
used the HoloLens device. The program allows on-site users to record and share a problem
with a remote expert who assists in troubleshooting. After reviewing video of the problem, the
remote expert could view the see-what-I-see perspective of the on-site worker and
communicate via audio, markers, and drawing. Three different conditions were compared during
an assembly task: audio only, HoloLens with shared view enabled, and HoloLens with shared
view, markers, and drawings enabled. The authors found that verbal instructions did not differ
between audio and shared view conditions, though the shared view better supported procedural
statements, identification of reference points, and monitoring of task status. While the AR
markers were helpful for focusing attention in specific areas, verbal instructions were found to
guide more precise actions. Overall, the authors found that the shared view feature had the
largest impact on conversational grounding, and that the AR annotations (e.g., markings,
drawing) contributed little to communication effectiveness.

Human Factors Considerations

Remote collaboration is a human centric activity that has the potential to present unique human
factors challenges because of the blending of virtual and real-world objects—which may impact
cognitive and perceptual processes—and the technical hardware (e.g., headset, HHD) that will
be used by the worker. For XR systems to be effective and enable new maintenance strategies
such as remote collaboration, it is essential that these systems are designed to address known
and potential human factors issues. To understand human factors in remote collaboration
practices, we reviewed and categorized the human factors issues discussed within the selected
articles. Human factors topics were categorized into the following categories and were ordered
by prevalence: usability, physical, psychological, safety, and environmental.

Usability. As discussed in the section above on performance metrics, usability measures were
frequently employed to assess the effectiveness, efficiency, learnability, and satisfaction of AR,
MR, and VR devices for remote collaboration. Usability perceptions were generally favorable
(e.g., Cho et al., 2022; Huang et al., 2018); however, one’s level of familiarity with technology
may be a determinant of usability and user acceptance (Radmard et al., 2015). Dai et al. (2021)
noted that judgements about the acceptability of a new technology are often made quickly, and
that the novelty of XR devices may require more time for proper familiarization. Dai et al.
reported that 51% of maintenance workers had neutral responses and 17% of maintenance
workers had negative responses about the acceptability of an MR HMD (i.e., HoloLens).
Conversely, Vorraber et al. (2020) and Key et al. (2022) reported that their samples of

3 Visual complexity is defined as the amount of detail present within the image. Visual impact is defined as the degree
to which the image facilitates attention and recall. Clarity is defined as the degree to which the image is easily
understandable. Directed focus is defined as the extent to which the image directs attention to an item. Inference
Support is defined as the extent to which the image supports generation of new insights.
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maintenance workers indicated that they were familiar with using new technologies, which may
bode well for adopting XR technologies.

In addition to the technical side of usability, interactions between collaborators can influence the
usability and acceptability of remote collaboration strategies. Marques, Silva, Dias, et al. (2021)
found that teammate familiarity impacted perceptions of the remote collaboration process.
Specifically, teams composed of individuals that knew each other gave higher ratings on ability
to express ideas, information understanding, spatial presence, communication, and enjoyment,
as well as lower ratings on mental effort compared to teams composed of individuals that did
not know each other prior to the collaborative activity. This suggests, as pointed out by del Amo
et al. (2020), that being familiar with collaborators and understanding their work style or level of
experience can impact the effectiveness and efficiency of remote collaboration.

Physical. Physical side effects can result from exposure to visual inputs in augmented and
virtual environments that do not align with one’s sensory system, as well as from physical
hardware itself (such as headsets). VR sickness, also referred to as cybersickness or simulator
sickness, occurs when there is sensory conflict between visual inputs and other vestibular
inputs (Chang et al., 2020). The visual information presented by AR, MR, and VR displays have
the potential to induce feelings similar to that of motion sickness (Piumsomboon et al., 2018).

G. Lee et al. (2020) examined different view-sharing techniques (i.e., 2D video, 360-degree
video, 3D models) for remote collaboration environments involving multiple local users wearing
AR headsets and a remote expert wearing a VR HMD. In the 2D video condition, the video
stream from the local user’s headset camera was shared with the remote expert. In the 360-
degree video condition, a 360 camera was mounted on the local user’s AR headset to deliver a
visual stream of the workspace that was not bound to the local user’s view. In the 3D model
condition, the workspace was reconstructed in 3D which allowed the remote expert to walk
around the virtual space using their HMD. There was no difference between conditions in
reported VR sickness for the remote expert. Notably, the 3D model condition displayed better
outcomes in terms of completion time, task switching, and usability.

Lin et al. (2020) used stabilization techniques to help improve the visual workspace presented to
a remote expert’'s computer from the local user’s AR headset. The authors indicated that
workspace visualization for the remote expert should be stable to allow the remote expert to
examine the workspace. The remote expert view should be similar to that of the local user to
enhance perspective taking, should be in real time, and should be of high visual quality.
Sickness ratings did not differ between the stable and non-stable video conditions. However, the
scenario involved only brief exposure to the VR environment and a simple workplace setting.
Even so, participants in the stable video condition showed higher performance and lower ratings
of cognitive workload.

Physical effects stemming from the ergonomics of wearable devices, such as headsets or
HMDs, are another reported concern, particularly in situations that call for extended, long-
duration use. Key et al. (2022) investigated use of an MR HMD (i.e., HoloLens) for displaying
augmented maintenance instructions. While there were positive perceptions for using AR, some
aircraft maintenance workers reported concerns over the weight and comfort of the AR HMD.
Similarly, Vorraber et al. (2020) found that maintenance workers wearing an AR HMD had to
position their heads in an uncomfortable and/or awkward position to give remote experts a
proper view of the area of interest. Dai et al. (2021) found that some on-site workers found it
hard to wear the AR HMD and walk at the same time.
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Psychological. The ability of XR to immerse users in an augmented or virtual world and mimic
feelings of “being there” is argued to be a beneficial characteristic of AR, MR, and VR systems.
Effectively designed systems may support user processing and performance; however, poorly
designed systems may cognitively and perceptually overload users.

Positive psychological effects include reduced cognitive load, better situation awareness, better
attention allocation, positive emotional reactions, etc. For example:

Aschenbrenner et al. (2018) found that using an AR-tablet computer, which allowed
remote experts to take screenshots and annotate images, resulted in lower cognitive
load for the local worker than an audio-only condition, as it provided a shared visual
reference for communication.

Hou et al. (2013) found that the learning curve on an assembly task was shortened when
using an AR-based system compared to traditional paper instructions. This suggests that
properly designed XR systems can help with cognitive processing of task requirements.

Del Amo et al. (2020) found that their AR collaboration framework—which employed a
structured-messaging framework—improved the situation awareness of local

technicians. Additionally, Marques, Ferreira, Silva, et al. (2022) found that participants
believed that AR-based instructions improved attention and recall of task information.

XR devices in remote collaboration may improve feelings of camaraderie among collaborators.
For example, Z. Wang et al. (2021) investigated how local users and remote experts sharing the
same perspective (i.e., see-what-I-see) impacted teamwork, empathy, and mood. Compared to
a 2D mode, where the remote expert monitored task progress via videoconferencing, the
collaborative AR system enabled better information understanding and communication, higher
levels of empathy, increased positive mood, reduced negative mood, and better performance.

Conversely, cognition, emotion, and perception may be negatively impacted during XR-enabled
collaborative activities. For example, Calandra et al. (2021), in their comparison of partially and
fully assisted collaboration, found that local workers reported increased frustration and pressure
to perform in the fully assisted mode. Specifically, workers reported that having to make the
remote expert wait while they were performing a procedure added a sense of frustration and
pressure to their task. Additionally, Le Chénéchal et al. (2016) compared a see-through HMD
versus a fixed camera for streaming video to a remote expert. While the HMD provided easier
mapping of annotations to the equipment and higher sense of presence for users, it resulted in
less visual comfort. Similarly, in Cho et al.’s (2022) study, remote experts reported that the
narrow field of view of the see-what-I-see perspective from the local user impacted their
situational awareness and overall understanding of situation.

Safety. Safety-related human factors concerns were identified as issues that may increase on-
the-job risk and compromise the safety of the worker. Safety-related concerns included issues
such as limited field of view, compromised body positions, and trip/fall hazards. Sara et al.
(2022) identified that the limited field of view of an AR HMD may impact the image quality and
interpretability of AR content and suggested that larger display size would improve visualization.
In concurrence, both De Pace et al. (2019) and Dai et al. (2021) reported concerns over AR
HMD’s narrow field of view and suggested the limited visual field may impact visualization
capabilities and present issues when working on-site. Additionally, Vorraber et al. (2020)
uncovered instances of maintenance workers positioning their heads close to the equipment,
which could result in injury depending on the piece of equipment being inspected. Similarly,
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maintenance workers in the Key et al. (2022) study reported that AR HMD may prevent workers
from seeing trip and fall hazards in the workplace.

Environmental. Characteristics of the task setting, such as indoor or outdoor environments, low
lighting conditions, and inclement weather, may introduce challenges during the remote
collaboration process and limit the task or use case to which different XR devices are applied.
Vorraber et al. (2020) noted that the use of an AR HMD in low lighting conditions was a concern,
because the tinted glass in the HMD impaired the vision and view of maintenance workers.
D’Anniballe et al. (2020) noted that the MR HMD (i.e., HoloLens) did not work well when
scanning surfaces in direct sunlight or surfaces that were clear, such as glass. Both Vorraber et
al. (2020) and Dai et al. (2021) identified communication between local technicians and remote
experts to be a challenge in loud operational environments, often requiring the use of dedicated
headphones for adequate audio quality.

Discussion

XR technologies such as AR, MR, and VR have the potential to transform NAS maintenance
practices by virtually co-locating physically distanced teammates and ensuring that the right
information is accessible. XR can enable remote collaboration and virtual maintenance support
strategies, such as remote assistance, virtual inspection, and On-the-Job Training (OJT) that
can reduce operational barriers to timely work. The current effort provided a comprehensive look
at the current state of the science for XR-enabled remote collaboration. Based on our literature
review strategy, we screened 74 articles to understand and document the current state of
remote collaboration practices in maintenance, including the maintenance tasks to which the
technologies are applied, device displays used by local technicians and remote experts,
common interaction and communication modes between users, metrics used to assess remote
collaboration performance, and known and potential human factors issues. From these articles,
it is clear that the proper use of AR, MR, and VR technologies can help enable effective
communication and coordination between local and remote users, as well as recreate realistic
collaboration behaviors in real time.

Our review uncovered several trends in the literature. First, XR technologies were used to
enable several maintenance support strategies, including remote expert assistance on
assembly, replacement, and installation tasks; virtual building and facility inspections; and
maintenance training. Second, in terms of device displays, local technicians most often used
headsets (e.g., wearable computer glasses, HMDs) and HHDs (e.g., mobile application, tablet
computer), whereas remote experts most frequently used desktop computers. Commonly
reported AR/MR devices included the Microsoft HoloLens and Magic Leap HMDs, and
commonly reported VR devices included the HTC Vive and Oculus® Rift. While there were
commonalities across studies in terms of device type, the usefulness of a given device may
depend on the task (Johnson et al., 2015).

Third, XR technologies enabled communications between local and remote users that were
similar to face-to-face experiences also extended beyond traditional communication cues. Audio
and video still lead the ways in terms of communication mediums, but research has started to

¢ Oculus was acquired by Facebook (now Meta) in 2014. (https://about.fb.com/news/2014/03/facebook-to-acquire-
oculus/)
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explore more advanced cues such as non-verbal gestures, augmented annotations, and haptic
feedback. A shared visual view, particularly the see-what-I-see perspective, between local and
remote users seems to be a key contributor to mutual understanding and effective information
sharing, but additional cues, such as AR markers and drawings, might support verbal
instructions and increase the precision of remote expert guidance.

Fourth, empirical evidence suggests that XR technologies offer performance benefits in the
remote collaboration process. Compared to traditional remote collaboration methods (e.g.,
audio/video only), XR methods, in general, displayed equivalent or better task completion time,
error, and workload ratings. That is, these methods tended not to negatively impact—and in
most cases reduced—the time it took a technician to complete the required task, the number of
errors committed during the task, and perceived workload. However, there were some important
performance differences between local and remote users. Namely, in studies by Bai et al. (2020)
and Niedermayr et al. (2022), remote experts reported higher levels of workload than local users
when using AR devices for collaboration, suggesting using AR annotations to communicate may
increase the demand placed on remote experts, even though it has positive benefits for
performance.

XR devices tended to receive positive user feedback from both local and remote users.
Specifically, several studies reported that users had positive perceptions of the technology’s
utility, helpfulness, ease of use, and ease of learning in facilitating remote collaborations (e.g.,
Calandra et al. 2021; Cho et al., 2022). Notably, there were some concerns over the usability of
HHDs because they do not enable hands-free operations (Marques, Silva, Alves, et al., 2022).
That is, HHDs require technicians to hold the device in their hands to display the equipment to
the remote expert and set it down when they need to perform a procedure. Additionally, one
study suggested that different collaborative paradigms — fully assisted and partially assisted —
have different usability ratings. Future research is needed to examine how different remote
collaboration processes impact both local technicians and remote experts. Interestingly,
collaboration-based outcomes received the least amount of attention in the selected articles.
While results did suggest that XR can benefit collaborative behaviors, more work is needed to
understand how XR can support effective and efficient communication, knowledge sharing, and
mutual understanding between local technicians and remote experts.

Lastly, several critical human factors issues were identified that require attention and future
research. We categorized human factors issues into five general categories: 1) usability, 2)
physical, 3) psychological, 4) safety, and 5) environmental. Unsurprisingly, usability measures
such as the SUS were the most common way in which human factors were assessed.
Understanding user perceptions of a technology’s ease of use, efficiency, and learnability is an
essential first step in establishing the feasibility of a technological solution. While usability
ratings of different XR devices were mostly positive, some noteworthy factors impacting usability
were familiarity with new technology and teammate familiarity. This points to the importance of
not only considering technological factors, but also the human element in the remote
collaboration process when using advanced technologies.

Visual and sensory conflicts potentially produced by AR, MR, and VR devices may induce
motion sickness, which is a real concern when using XR technologies. That said, VR sickness
did not appear to be a common occurrence in the reviewed articles. However, the workplace
settings and tasks used in many of the studies may not accurately represent the task
environment of most Technical Operations personnel, which can include completing complex
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procedures in confined areas or wearing a device for an extended period of time. For example,
in another review of remote collaboration studies, P. Wang, Bai, Billinghurst, Zhang, Zhang, et
al. (2021) noted that approximately 25% of tasks within their identified studies involved actual
mechanical parts. Ergonomics was also a human factors concern. For instance, the use of a
headset required some technicians to place their heads in awkward positions to properly
present the workspace to the remote expert (Vorraber et al., 2020). This not only could cause
physical strain but could present a safety issue as well. Additionally, carrying out normal
activities, such as walking around a worksite, was reported as more difficult while wearing a
headset (Dai et al., 2021). Future research on the physical effects of XR use will require
investigation, particularly for instances of extended use and use in less than ideal, operational
environments.

Both individual and team-level psychological considerations were identified in our review. At the
individual level, XR devices (e.g., headset, tablet) and content (e.g, AR annotations) were found
to influence cognitive and attentional processing of users. There was some evidence to suggest
that the use of AR-based tools can reduce cognitive workload, direct attention, and improve
situation awareness and understanding (e.g., Aschenbrenner et al., 2018; Del Amo et al. 2020;
Marques, Ferreira, et al., 2022), all of which are critical contributors to ensuring the procedural
guidance offered by remote experts is properly implemented by local technicians. On the other
hand, there was also evidence suggesting that certain remote collaboration processes could
increase feelings of pressure and frustration in local technicians (Calandra et al., 2021) and that
a narrow field of view could negatively impact situational understanding and awareness of the
remote expert (Cho et al., 2022). At the team-level, Wang et al. (2021) found that sharing the
same visual perspective (i.e., see-what-I-see) in an AR-based remote collaboration resulted in
higher ratings of teamwork and positive emotion. Given the importance of interpersonal
interactions to maintenance support strategies, the benefits of XR may also be realized in team-
level outcomes.

Safety and environmental considerations were referenced less often across the articles, but the
reported issues represent potential barriers to successful implementation. In multiple studies,
local workers reported that the use of HMDs on a work site may present safety concerns for
users by narrowing their field of view and/or requiring them to situate their body in compromising
positions, increasing fall hazards or injury (e.g., Vorraber et al., 2020). Technical Operations
personnel are often required to work in environments characterized by physical hazards (e.qg.,
confined areas, elevated surfaces) and ergonomic hazards (e.g., awkward posture, heavy lift);
therefore, ensuring that the addition of HMDs and other devices does not add to the hazard
potential is critical. Furthermore, environmental factors such as low visibility/lighting and noise
also impacted the efficacy of XR systems and the overall quality of remote collaboration
communications. For example, the tinted glasses of HMDs impaired the vision of local workers
in low lighting conditions (e.g., Vorraber et al., 2020). Examining how environmental
characteristics (e.g., weather, visibility, noise) of NAS facilities and equipment impact the utility
of XR devices and virtual maintenance support strategies will be a critical direction of future
research.

Future Research

The articles summarized previously in this report demonstrate that significant scientific progress
has been made on the use of XR technologies for remote collaboration. Yet, a number of open
questions remain to be addressed before widespread use of these technologies in the NAS can
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be recommended. Human factors issues identified in a number of studies remain an area in
need of future investigation. In particular, research is needed to understand the short-term and
long-term impacts of XR devices, such as wearable computer glasses or HMDs, on the physical
(e.g., sickness, headache, eye strain) and psychological (e.g., loss of situational awareness,
attentional tunneling) factors of users. In addition, understanding the use of XR devices in
operational settings characterized by different environmental conditions (e.g., daytime vs
nighttime, indoor vs outdoor) is critical given the variety and diversity of NAS facilities, systems,
and equipment. Furthermore, additional research is needed to understand the knowledge
sharing process between collaborators, including how XR can enable effective verbal and non-
verbal interactions that enhance mutual understanding, situation awareness, and task
performance of local and remote users.

Studies comparing different devices and levels of visualization are also needed. Several studies
compared XR to traditional remote collaboration methods (e.g., Aschenbrenner et al., 2018; Asl
& Dossick, 2022; Braly et al., 2019; Dai et al., 2021; EIl Ammari & Hammad, 2019; Hou et al.,
2013; Liu et al., 2022), but there is little evidence to guide decisions on the type of device to
implement in practice. As such, there is a need for studies comparing different device displays
(e.g., headset vs. HHD) and different commercial devices (e.g., HoloLens vs. Magic Leap) to
understand the appropriate level of technology and visualization needed for different
maintenance support strategies. Commercial AR/MR HMDs may purport to offer similar XR
experiences, but typically differ in device specifications, gesture tracking, input methods, field of
view, and image quality. Understanding the appropriate level of technology for operational
maintenance environments is crucial given the cost and investment that comes with deploying
new technologies across a large workforce.

Lastly, in agreement with the sentiment of Marques, Teixeira, et al. (2022), many of the articles
in this review focused on the technical side of the remote collaboration process. However,
collaborative endeavors are inherently social, so greater attention is needed on the human
factor, to understand how XR not only connects physically distanced collaborators but supports
joint activities on critical tasks. While collaboration is a somewhat fuzzy concept, it is a human-
centered activity that requires effective coordination, communication, and teamwork in support
of shared task goals. Current research offers guidance on how XR can support collaborative
behaviors (e.g., shared visual view). However, more research is needed to understand how
advanced visualizations and cues can enhance the collaboration process.

Conclusion

XR devices have the potential to unlock virtual maintenance and remote collaboration support
strategies, such as remote assistance, virtual inspections, and OJT. These innovative
technologies can support the Technical Operations workforce and NAS services and systems by
ensuring the right information is available at the right time, optimizing the management of limited
resources (e.g., the time and availability of experts), and improving the quality of maintenance
services. More research is needed before XR devices can be successfully implemented in the
NAS. With further investigation, this technology might represent a promising tool for Technical
Operations and help increase the efficiency and safety of the NAS.
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