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Abstract

Extended Reality (XR) remote collaboration systems are crucial in advancing operational efficiency, adaptive capacity, and
user satisfaction across industrial tasks within Industry 5.0. By using the unique capabilities of XR, remote collaborative
systems enhance human adaptability and drive value-driven manufacturing processes, particularly in applications such as
remote maintenance, training, and assembly. This review synthesizes insights from 69 peer-reviewed studies on XR remote
collaboration that utilize visual annotation cues in industrial settings. It systematically analyzes display modalities, interaction
methodologies, and shared visual cues, complemented by case studies of real-world implementations. The review critically
evaluates existing literature, proposes improvements to current approaches, and explores alternative strategies. Importantly,
this review offers a nuanced examination of the complexities surrounding XR-mediated collaborations, reinforcing the
ongoing necessity and practical pathways for advancing industrial XR remote collaboration that integrate visual annotation
cues.
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1. Introduction

As the growing advancement of Extended Reality (XR)
continues, innovative approaches such as remote
collaboration!?) and co-located collaboration® are being
developed to address the constraints of time and space in
multi-user industrial sectors.*! Remote collaboration refers to
the process where geographically distributed individuals or
teams utilize digital communication media to work together
toward a shared objective. With the rapid development of
technology, remote collaboration systems through XR — an
umbrella term encompassing all real-and-virtual combined
environments and human-machine interactions, including
augmented reality (AR), virtual reality (VR), and mixed
reality (MR) (see Fig. 1) — are progressing incrementally yet
steadily, though they remain far from mainstream adoption.!!
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Additionally, XR has the three core principles: (i) 3D
immersion, (ii) natural interaction, and (iii) spatial registration.
In the vision of Industry 5.0, XR collaborative platforms
position humans at the core of performing tasks, enabling real-
time spatial interaction and shared decision-making in
industrial processes.[>! XR remote collaboration systems can
capitalize on human adaptability by integrating the strengths
of XR, driving value-centric production in manufacturing,
such as remote maintenance,>! training,® assembly,”'"1 and
design.>!2

In this review, we provide a thorough summary and
analysis of the effect of visual annotation cues in XR remote
collaboration for industry. It should be noted that we focused
the synchronous remote collaboration. The significance of
such systems has been underscored since the onset of the
COVID-19 pandemic, alongside the current global
geopolitical turmoil and conflicts.['*'¥ Industrial distributed
collaborators harness XR-driven spatial interaction and
virtual-real fusion visualization to attain groundbreaking
performance in operational tasks by supporting contextual
visual annotation cues, thereby improving collaborative
efficiency, situational awareness, user experience, and
adaptive problem-solving capabilities.!!.7:1213]

A cornerstone of XR remote collaboration lies in its
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Reality-Virtuality Continuum

Direct view of reality. Virtual objects registered
and rendered from the
user's perspective over

the real-world scene.

Fig. 1: XR as an umbrella term ranging from AR to VR. Reproduced from.['¥]

ability to integrate visual annotation cues. In industrial
maintenance scenarios, for example, XR systems enable
technicians to conduct remote diagnostics and repairs by
exchanging real-time contextual visual annotations cues, such
as spatially anchored annotations and dynamic 3D virtual-real
fusion. Local operators can create visual cues in real time to
highlight position, while remote experts also provide step-by-
step guidance instructions via superimposed annotations. This
communication of visual information minimizes ambiguity,
enhances task execution, and ensures alignment between on-
site actions and expert instructions, thereby demonstrating
their capacity to redefine industrial problem-solving.[”)

XR remote collaboration systems using visual annotation
cues have emerged as a pivotal innovation in industrial
applications, addressing critical challenges through three key
advantages. First, visual annotations inherently enhance
intuitive communication. Unlike text-based or verbal
instructions, annotations enable local workers to pinpoint parts,
components, or highlight potential anomaly locations. More
importantly, users can make annotations by gesture-based
interaction or controller-based interaction in a natural and
intuitive way. This mimics real-world annotations-making,
such as circling defects or sketching solutions directly in XR
collaborative environments. Second, the systems provide
spatial awareness, as annotations are anchored to real-world
coordinates and can retain their positional relevance, ensuring
that all collaborators perceive and interact with digital cues in
a shared 3D XR workspace. Finally, visual annotations
significantly improve operational efficiency. Real-time
annotations allow remote collaborators to sketch repair plans,
flag critical areas, or demonstrate procedures spatially,
transforming abstract concepts into tangible, step-by-step
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Virtual
Reality (VR)

Full immersion in a digital
environment. All objects
are virtual. Users can
see and hear objects.
Haptics are simulated.

Real objects are scanned
and digitized into virtual
environments where the
user can see, hear and
touch them.

actions. Such clarity minimizes training time, accelerates task
completion, and reduces errors caused by ambiguous guidance.

The innovation of this work lies in its dual focus. First,
this is the first comprehensive review (2019-2024) specifically
examining how visual annotation cues shape collaboration
effectiveness in industrial XR environments, compared to the
related works.[20:13.15191  Second, three doctoral research
projectsi??2l focused on XR remote collaboration from
3D/360° capture and guidance cues. While previous works
have touched on related aspects, this review advances the field
by exploring XR remote collaboration supporting visual
annotations cues for industry. This novel work not only
extends existing scholarship but also provides actionable
insights for optimizing XR remote collaborative tools in
alignment with human-centric manufacturing.

2. Related works

The growing adoption of visual annotation cues in industrial
XR remote collaboration highlights their transformative
potential as a rapidly evolving domain, driving advanced
investment from both academia and industry. While existing
reviews have explored AR/MR/XR collaborative systems,
specifically, XR assembly and maintenance.[*!>!31 XR remote
human-robot interaction,!'® AR/MR remote collaboration,>!7]
and VR/AR in manufacturing (i.e., design, assembly, training,
repair),'®"”1 as shown in Fig. 2. Therefore, we find a critical
gap persists in exploring the effect of visual annotation cues in
XR remote collaboration for industry. Bridging this
knowledge gap is essential to unlock the full potential of XR
remote collaboration, where visual annotations cues act as the
communication bridge between distributed collaborators,
reducing errors, improving decision-making, and aligning
with Industry 5.0’s vision of human-centric, adaptive
manufacturing systems. Therefore, we explore a
comprehensive review of the effect of visual annotation cues
in XR remote collaboration for industrial applications from
2019 to 2024, extending previous studies.>!2!%]
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Fig. 2: Related reviews. Reproduced from.[26.13:15-19]

Moreover, our search revealed three doctoral theses(20-22
that align closely with the scope of this review. Specifically,
Theophilus Teo's researchi??! proposes a hybrid MR system
combining 360° video and 3D reconstruction to enhance
remote collaboration, demonstrating advantages for complex
tasks requiring detailed object inspection and environmental
navigation. While hybrid systems showed superior capability
for specific challenges, users noted steeper learning curves and
perceived simpler systems as adequate for basic tasks.
Bernardo Marques' thesis?!l explores AR's potential in remote
collaboration, addressing evaluation challenges through a
human-centered framework, and proposes the CAPTURE
toolkit for contextualized data analysis, demonstrating
effectiveness in AR maintenance tasks and broader
collaborative scenarios. Lei Gao's thesis?” explores MR room-
scale remote collaboration, developing AR/VR prototypes
with 3D capture and guidance cues. Studies found that 3D
environments boost experts’ spatial awareness, high-
resolution views aid complex tasks, and mutual awareness
improves communication, informing interface design
principles and future directions.

This literature review is motivated by the imperative to
evaluate the transformational capacity of XR in enabling
remote collaboration, particularly through XR collaborative
systems using visual annotation cues, within industrial
cooperation scenarios. Focused on distributed industrial
collaboration, the investigation pursues three primary
objectives: first, to conduct a systematic evaluation of proven
advantages of XR interfaces using visual annotations in
improving manufacturing processes; second, to investigate
technical implementation methodologies from interaction
technique and XR displays; and third, to deliver practical XR
development frameworks and specialized hardware solutions
for building annotation-enhanced remote collaboration
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platforms. Through this comprehensive analysis, the review
aims to equip both academic researchers and industrial
stakeholders with evidence-based strategies for creating XR
remote collaborative systems for decentralized production
ecosystems. The subsequent sections present the paper's
structured organization. Section 2 presents related works, and
Section 3 provides the research background and review
method. Section 4 presents a systematic scoping survey. Then
Section 5 reports on the discussion. Next, we provide the
future directions in Section 6. Finally, we concluded the
review.

3. Background and review method

3.1 XR remote collaboration using visual annotations cues
in industry

XR remote collaboration using visual annotation cues in
industrial settings, using gesture-based interaction and other
human-computer interaction (HCI) methods to connect
geographically  dispersed users within shared XR
environments. By employing visual spatial annotations and
contextual XR visualizations, these systems facilitate real-
time shared spatial awareness and immersive engagement
enhancing industrial tasks such as maintenance, assembly, and
operational guidance, and design.[>¢7.!5]

3.2 Visual annotations cues

In XR remote collaboration, visual cues(e.g., gestures,!!-2324]
eye gaze or head pointer,! and annotations!'®?#) are essential
for conveying information between geographically dispersed
collaborators. Specifically, visual annotation cues such as
sketches serve as a powerful tool for efficiently conveying
ideas and guidance. These cues can transcend language
barriers, enabling collaborators to communicate complex
concepts and spatial relationships with ease. Unlike text or
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Fig. 3: PRISMA flowchart of the paper collection process.

Table 1: Keywords and search string.

AND OR
OR eXtended Reality(XR) Remote Collaboration Annotations Assembly
Mixed Reality (MR) Tele- Collaborative Sketches Maintenance
Augmented Reality (AR) Distributed Communication Visual Cues Design
Virtual Reality (VR) Cues Assistance
Mentoring

verbal descriptions, visual annotations in XR remote
collaboration allow collaborators to engage in industrial tasks
in real-time.l'>!''26)  Importantly, natural gesture-based
interactions are highly effective for quickly providing context-
aware annotations, which can be spatially anchored within 3D
XR environments, enhancing the intuitiveness and efficiency
of collaborative tasks.

3.3 PRISMA method

In performing this structured analysis, we adhered to
established PRISMA protocols for academic surveys.?”>! We
conducted a search for pertinent research and evaluated its
eligibility based on inclusion and exclusion criteria.
Specifically, articles were included if they focused on XR
remote collaboration using visual annotation cues in industrial
settings, published from 2019 to 2024, and written in English.
Conversely, articles were excluded with full-text unavailable
and a few pages. This screening process followed the
methodology outlined in Fig. 3.

We identified pertinent articles from prominent journals
and conferences from Web of Science, Elsevier, Springer
database for journal articles, ACM Digital Library, and IEEE
Explore for conference papers (e.g., the CHI Conference on
Human Factors in Computing Systems (CHI), IEEE
International Symposium on Mixed and Augmented Reality
(ISMAR)). The search was conducted in March 2025, and
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included articles in the English language from the past six
years (2019-2024). The search was conducted by combining
the terms outlined in Table 1. Using these keywords, we
searched the field topic, resulting in an initial total of 223
articles after duplicate removal. Following the application of
screening criteria, 136 articles were considered eligible and
selected for further analysis.

To assess the academic influence of the identified
publications, we utilized the Average Citation Count (ACC),
computed as ACC = Total citations / Publication age (in
years).3%31 Citation data were gathered from Google Scholar
on February 14, 2025. Our selection criteria emphasize survey
literature with an ACC of 4.0 or higher, ensuring the inclusion
of works with lasting scholarly significance in the field.
Notably, publications from 2024 were excluded from ACC
calculations due to their recent publication date. Ultimately, a
total of 69 papers were collected.

3.4 Research questions

To perform a comprehensive analysis of the effect of visual
annotations cues in XR remote collaboration in industry, we
devised the following four research questions:

(1) What is the current state of areas for XR remote
collaboration using visual annotations cues in industry?
(Section 3.1, 3.2, 3.3, and 3.4)

(2) What is the effect of supporting visual annotation cues

Engineered Science Publisher
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Table 1: XR remote collaborative systems supporting visual annotation cues. ¥= The system supports this feature.

Year  Ref

Visual cues

Remote site

Local site

HMD

VRP

Annotations

Gestures

VR

MR

Interaction

Desktop

techniques

VR

HMD

MR

Desktop

Interaction

techniques

Tasks

XR
Devices/
Toolkits

Region

ACC

2024 1w

2024 U e

2024 B3

2024 B4

2024 09

2024 B

2024 B

2024 B8 v

2024 B v
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CBI

CBI
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HHD  GDI

HHD GDI

GDI

CBI

CBI

CBI

Providing
Assistance/
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Assembly

Providing

Assistance
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Discussion

Discussion

Discussion

Assembly

Providing

HTC
VIVE
Pro 2,
MRTK,
Vuforia
Engine,
HoloLen
s, Leap
Motion
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Quest2,
ARKit,
Webkit,
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ket APT!
WebRTC
API',We
bXR!,
3D

scanner

app'

Vuforia,
Photon
Unity
Network
ing?
HoloLen
s2,
WebRTC
, Vuforia
Oculus,
Meta
Avatars
SDK,
Photon
Engine
PUN2
Meta
Quest
Pro
Meta
Quest
Pro
Oculus
Quest 2

China

Australia
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Australia
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k

Australia
Denmar
k
Australia
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k
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Japan
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4
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Year  Ref Visual cues Remote site Local site
HMD HMD
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Interaction Tasks Devices/  Region
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Interaction
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Desktop

techniques Toolkits
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Annotations
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VR
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Assembly FOVE, Australia
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Theta V,
Leap
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2024 10 v HHD GDI HHD  GDI Maintenanc ~ WebRTC  Denmar 1
e k,
Australia
2024 11 v v v CBI v CBI Training - USA
2024 1w 9 v v CBI v GDI Teaching HoloLen  Canada 4
s 2, Meta
Oculus
Quest 2,
Insta360
X3,
Instant-
NGP?,
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Anythin
1

g
2024 126 v v v v CBI v CBI Training VRTK, USA 11
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Pro,
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2
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Year  Ref Visual cues
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VR
MR
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GDI v GDI Assembly

GDI v GDI Providing
Assistance/

Assembly

GDI v GDI Providing
Assistance/

Assembly

VIVE
Pro
MRTK,
HTC
VIVE
Pro 2,
Leap

China 1

Motion,
Intel®
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se
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WampSe
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HTC
VIVE
Pro 2,
MRTK,

Vuforia

China 20

Engine,
HoloLen
s, Leap
Motion,
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N
algorith
ml
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Cloud
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Intel’s
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se SDK

2.0,
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Year  Ref Visual cues Remote site Local site
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VR
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GDI

CBI
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Assembly

Design
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camera
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Kinect
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>
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Year  Ref Visual cues Remote site Local site
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Discussion
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360
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Theta),
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Pro,
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s2,
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s 365
Remote
Assist
and
Teams,
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01
Oculus
Quest,
Zoom
and
Microsof
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WebRTC
, Vuforia
Intel
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D435i,
Zbar and
OpenCV,
WebRTC

USA

France,
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Canada,
New
Zealand,
Australia
, Chile
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China

9
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5
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v

v

v

v

vE
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>
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HHD
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2,
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Assist,
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$2, HTC
Vive Pro
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Leap
Motion,
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SDK,
MRTK,
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p
Gemini
libraries'
, Vuforia
SLAM,
2D

markers,
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-OCR?

OpenCV,
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C,
Vuforia
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USA
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9

24

16.5
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Year  Ref Visual cues Remote site Local site
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Desktop
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eTraining t
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WebRTC
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2021 70 v Ima v KBM HHD GDI Providing ARcore,  Italy 8
ge Assistance Twilio?
20201 " v e v CBI HHD  GDI Assembly  Vufroia,  South 22
VR Korea
HMD
2021 [ v v KBM v GDI Assembly  HoloLen German 6
S y
2021 73 v v CBI v CBI Design Photon  Thailand 22
Unity
Network
ing,
HTC
Vive
2021 74 v v CBI v GDI Providing HTC USA 44
Assistance Vive
Pro,
IMU-
equipped
gloves?,
Hololens
,Vuforia,
WebRTC
2021 173 v v CBI v HHD GDI Providing ~ HTC German 25
Assistance VIVE y
Pro Eye,
Tobii
Eye
Tracking
, Unity
UNet
networki
ng,
HoloLen
s 2,
Azure
Kinect
camera
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Microsof
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Visual cues

Remote site
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HMD
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Annotations
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VR
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Desktop

Interaction

techniques
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-
> =
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2021

2021

2021
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2020
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2020

2020
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[76]

[77]

[78]

[79]

[80] v

[81]

[82]

[83]

[84]

[85]

vHH

EG v

HHD

CBI

KBM, GDI

GDI

KBM

CBI

CBI

GDI

KBM

v HHD

>

S HHD

GDI

CBI

GDI

GDI

GDI

GDI

KBM

GDI

GDI

Providing
Assistance

Design

Maintenanc

eTraining

Maintenanc

€

Assembly

Maintenanc

€

Assembly

Assembly

Maintenanc
e
Maintenanc

(&

t Body
Tracking
SDK

Zoom

VRChat
SDK?,
Oculus
Rift,
Udon 3D

pen’

WebRTC
, Vuforia
WebRTC
WebSoc
ket,
SLAM,
Halo
Mini
holograp
hic

HTC
Vive,
Leap
Motion,
Leap
Motion
SDK
HoloLen

S

Leap
motion,
Meta2
HTC
Vive Eye
Pro,
aGlass,
Projector
, Opencv
ARCore

HoloLen
S,
MRTK,

USA

USA

Portugal

China

China,

Australia

United
Kingdo
m,
Slovenia

Australia

China,

Australia

Australia

Greece

12.7

25.7

10.5

15.5

92

9.5

11.5

43
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HMD HMD

XR
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Desktop
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HHD
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GDI
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GDI

GDI

KBM

KBM

GDI

GDI

Design

Discussion

Assembly

Assembly

Assembly

Assembly

Design

Inspection

Vuforia,
Unity
UNet
API
Kinect,
HTC
Vive,
ZED
Mini!
HTC
Vive,
HTC
Vive Pro
OpenCV,
Logitech
H230,
Vuzix
Wrap
1200
Meta2,
FOVE
VR
HMD, a
Leap
Motion
Opencv
, HTC
Vive, a
Leap
Motion
Opencv
, HTC
Vive, a
Leap

Motion

Vuforia,
Google
Project
Tango
Develop

ment Kit

Vuforia,
ARKit

Canada,
USA

Australia
, New
Zealand

Australia

Australia
, South

Korea

China,

Australia

China,

Australia

Italy

Spain

30.4
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12.8

29.6

14.4

14.8

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Review article
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Desktop
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Annotations
Gestures
VR
MR

HMD
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Devices/
Toolkits
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Interaction Tasks Region

Desktop

techniques

[94]

2019 KBM

HHD GDI Picking!, Canada 33.6

hybrid

e tracking

Inspection

Maintenanc

method',
Oculus
Rift,
FLIR
ONE
camera,
Vuforia,

Connecti

fy

1

(3) What devices/toolkits are used in
platforms? (Section 3.8)

(4) What are the main future trends of XR remote
collaboration using visual annotation cues? (Section 5)

These research questions directed our literature review,
organized into focused sections, to enhance the integration of
visual annotations cues in industrial XR remote collaboration
and offer practical insights for future research and real-world
applications.

developing

4. Systematic scoping survey

4.1 Annual publication trends

We systematically analysed the collected 69 papers from
visual cues, XR display type, and interaction techniques for
remote/local sites, collaborative tasks, XR devices/toolkits,
region, and ACC as shown in Table 2. Fig. 4 shows the number
of papers on XR remote collaboration supporting visual
annotation cues. The overall trend has been rising year by year
in the case of the value of ACC. This indicates a growing
interest in XR remote collaboration supporting visual
annotation cues in industry.

20

18

Numbers of papers
N
1

7

4
2019

T T T 1
2021 2022 2023 2024

Years

Fig. 4: The published papers numbers with years.

T
2020
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4.2 Document type

We analyzed the publication sources of the 69 collected papers
and found that 42 were journal articles and 27 were conference
papers. The statistics on the number of papers published in
different journals and conferences are shown in Fig. 5 and Fig.
6. Fig. 5 shows that all journals of publications, such as
“International ~ Journal of Advanced Manufacturing
Technology (IJAMT)”, “Advanced Engineering Informatics”,
“IEEE Transactions on Visualization and Computer Graphics”,
etc. In addition, Fig. 6 shows that all conferences of
publications, CHI, ISMAR, UIST, etc. The higher proportion
of journal articles suggests the surveyed domain prioritizes in-
depth technical validation and longitudinal studies, which are
hallmarks of mature research areas. Conference venues (e.g.,
CHI, ISMAR, UIST), while prestigious, often feature cutting-
edge but preliminary work; the journal majority implies
consolidation of established knowledge. In addition, the
prominence of top-tier conferences (CHI, UIST) highlights
that the conference track remains vital for high-impact
innovation, particularly in human-centered domains (e.g., XR,
UI/UX). Their inclusion signifies that emerging trends and
prototypes are actively debated within these communities
before maturing into journal articles.

4.3 XR Remote collaboration using visual annotation cues
in industry

Based on Wang et al.,l'" and industrial application scenarios,
XR remote collaboration using visual annotation cues can be
categorized into three sequential stages: before assembly, on-
site assembly, and after assembly, as shown in Fig. 7. These
applications are deployed across various hardware platforms
From the perspective of XR remote collaboration using visual
annotation cues in industrial settings, this approach unlocks
transformative advantages by improving natural, intuitive
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Fig. 6: Publication of conference articles.

interactions through contextual annotations, dynamic labels,
and 3D-guided instructions.?!l These visual annotations cues
enhance workforce training agility, elevate operational
performance, and improve user interaction experience by
enabling real-time collaborative problem-solving, immersive
skill transfer, and assembly/maintenance guidance across
distributed industrial ecosystems.[!,323438]

From Table 3, we categorized XR remote collaborative
applications using visual annotations cues in industry as
illustrated in Table 3. The relevant studies of “before assembly”
211 These visual annotations cues enhance workforce training
agility, elevate operational performance, and improve user
interaction experience by enabling real-time collaborative
problem-solving, immersive skill transfer, and
assembly/maintenance guidance across distributed industrial
ecosystems, [21:32:34.38]

From Table 3, we categorized XR remote collaborative
applications using visual annotations cues in industry as
illustrated in Table 3. The relevant studies of “before assembly”
(18.7%, 14/75) include discussion and design. The field of
“on-site assembly” (41.3%, 31/75) includes collaborative

4.4 Region
From Table 2, we listed the authors’ countries. Fig. 8 illustrates

16 | Eng. Sci., 2025, 37, 1802

the distribution of data across five regions. More specifically,
this pie shows that South America (26%) and Asia (24%) hold
similarly high proportions, followed by North America (27%)
and Europe (22%). Oceania (1%) accounts for the smallest
share. The near-equal distribution across different regions,
excluding Oceania, reflects balanced yet context-driven global
engagement in industrial XR remote collaboration research.
More specifically, South America's strong representation
correlates with manufacturing digitization in countries where
XR supports remote expert guidance for machinery
maintenance and workforce training in geographically
dispersed facilities. Asia's significant contribution aligns with
leadership in industrial automation (e.g., China, Japan, South
Korea) and smart factory initiatives, where visual annotation
systems enhance precision manufacturing and supply chain
coordination. North America and Europe focus on high-
fidelity industrial workflows using XR, evidenced by Boeing’s
use of real-time 3D model collaboration and Airbus’ reported
6-month reduction in aircraft development cycles. Conversely,
Oceania’s minimal output (1%) highlights structural
constraints: limited heavy manufacturing sectors, smaller
R&D funding pools prioritizing mining/agriculture over
industrial XR, and geographic isolation reducing
multinational trial opportunities.
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Fig. 7: Industrial XR remote collaboration using visual annotation cues.

Table 3: XR remote collaborative applications supporting visual annotations cues in industry.

Applicatio
ns

Refs

Count

Before assembly No-site assembly After assembly

Marques ct al. [60]

GAM et al. 8]

Maintenance; Training

Before assembly After assembly

[35,37,45,53,55,57,63,73,77,86,87,92,95] [10,11,23- [10,24-26,32-34,39—

25,38.43,44,46,47,49,51,52,54,56,59,64—  42,46,48,50,58,60,62,67-70,74—

66,71,72,80,83,88-94] 76,78,79,81,84,85,94]

14 31 30
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Fig. 8: Regional distribution.
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4.5 Display mode

Based on the findings presented in Table 2, we concluded that
XR displays mode primarily encompasses HMDs(i.e., VR and
MR), (SAR), desktop-integrated visualization systems, and
HHDs, as illustrated in Fig. 7. A closer examination of these
technologies reveals distinct trends in their adoption,
particularly in remote sites. Specifically, VR HMDs emerge as
the dominant display technology in remote environments, and
the overall distribution of XR visualization is depicted in Fig.
9(a). Furthermore, Fig. 10(a) provides a detailed breakdown
ofusage, showing that VR HMDs account for 49% of the total,
followed by desktop systems at 37%, HHDs at 10%, and SAR
constituting merely 4% of the usage. This distribution
underscores a marked preference for immersive VR HMDs
over traditional setups, highlighting the growing reliance on

11 R0

For the local site, Fig. 9(b) shows the overall distribution of
XR visualization. In addition, Fig. 10(b) illustrates the proportion
of XR visualization, showing that MR HMDs account for 40% of
the total, followed by HHDs at 27%, VR HMDs at 15%, SAR at
10%, and the desktop system at merely 8% of the usage. The
dominance of MR HMDs (40%) reflects their pivotal role in
bridging physical and digital workspaces, which is essential for
industrial visual annotation tasks. This aligns with market trends,
where MR headsets are becoming the primary hardware
investment, surpassing traditional VR devices due to their ability
to overlay contextual cues directly onto machinery and
workspaces. HHDs rank second, highlighting their persistent
utility for quick inspections, mobility in large facilities, and lower
entry barriers—especially in field services where bulkier headsets
are impractical. VR HMDs (15%) maintain relevance primarily
in training simulations and design reviews, where full immersion
benefits complex spatial understanding, though their detachment

s
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Fig. 9: Trend of XR visualization over time.
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(a) remote users' XR visual displays

(b) local users' XR visual displays
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Fig. 10: The proportion of XR visualization, (a) XR visualization in the remote site, (b) XR visualization in the local remote site.

from physical environments limits real-time annotation utility.
SAR—such as projectors or displays embedded in
environments—serves niche applications like collaborative
assembly, where shared visualizations across multiple users are
critical. Conversely, desktop systems (8%) trail significantly, as
their non-immersive nature fails to support intuitive spatial
annotation or hands-free operation, which are essential for
industrial workflows like remote maintenance.

4.6 Visual information

In asymmetric remote collaborations, where a remote expert
guides a local worker, visual annotation cues excel at conveying
expertise into spatially intuitive cues. More importantly, gesture-
based interaction plays a pivotal role in creating intuitive visual
annotation cues within XR remote collaboration for industrial
activities. By enabling collaborators to dynamically annotate the
shared XR workspace, highlight critical components, or simulate
physical actions (e.g., pointing to a tool or mimicking a rotation),
gestures align seamlessly with human-centric communication
patterns. These gesture-driven annotations bridge the gap
between abstract instructions and actionable guidance,
particularly in hands-on tasks such as equipment assembly,
maintenance, or repair. Furthermore, combining visual
annotations with VRP or gestures/HP/EG allows collaborators to
layer procedural guidance (e.g., step-by-step markings) directly
onto XR workspaces.[>!3]

As outlined in Table 2, the primary visual instruction
modalities in XR remote collaboration for industrial applications
comprise annotations, gestures, VRP, and HP/EG. Fig. 11 depicts
the annual publication trends across these four categories from
2019 to 2024, while Fig. 12 highlights the proportional
distribution of research focus among visual instruction types.
Notably, visual annotations cues constitute the predominant
category, representing 57.6% of visual cues, followed by VRP
(19.5%), gestures (17.8%), and HP/EG cues (5.1%). Crucially,
the multimodal integration of annotations with gestures or VRP
demonstrates notable potential for advancing spatially
contextualized guidance in industrial XR collaboration.

Based on the comprehensive analysis, we found that in the
context of XR remote collaboration for industry, highlights
and freehand drawing emerge as the most effective visual
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Fig. 11: The trend of providing visual cues.
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21(17.8%)
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68( 57.6%)

23(19.5%) Annotations

Gestures

Fig. 12: The proportion of providing visual cues.

and user engagement.’'! More specifically, highlights are
highly effective because they provide immediate visual
salience without overwhelming the user. In industrial tasks
where attention must be drawn to specific components or
areas—such as identifying a faulty part or a step in an
assembly sequence—highlights (e.g., color overlays or
glowing outlines) allow remote experts to quickly guide local
workers’ attention without cluttering the visual field. This is
especially useful in environments with a limited field of view,
such as HoloLens 2, where spatial precision and minimal
distraction are critical.

Freehand drawing, on the other hand, offers expressive
flexibility that static symbols like arrows or bounding boxes
cannot match. It allows remote experts to sketch instructions

annotation cues, particularly when balancing clarity, flexibility, directly onto the 3D space—such as circling a bolt to be
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tightened or drawing a path for cable routing—which provides
natural human communication and supports nuanced, context-
specific guidance. This method is particularly valuable in
unstructured or unfamiliar tasks where predefined cues fall
short. Moreover, freechand annotations can persist spatially,
enabling asynchronous review and reducing cognitive load
during real-time collaboration.

While other cues like 3D pointers or arrows are useful for
directing attention or indicating direction, they lack the
semantic richness and task-specific adaptability that highlight
and freehand drawing provide. In sum, the combination of
highlights for clarity and freehand drawing for expressiveness
offers the most effective and human-centric approach to visual
annotation in XR industrial collaboration.

In addition, after reviewing the literature, we conclude
that there is currently no universally adopted semantic
standard for the meaning of annotation cues in XR remote-
collaboration systems used in industry. 1) Color “red” is not
consistently mapped to “danger.” In the empirical studies we
surveyed, red is most often employed simply as a high-
salience highlight to attract attention or to stress a step, rather
than to encode hazard level. 2) Arrows, similarly, lack a fixed
semantics. While many authors use arrows to indicate “next
action” (e.g., “insert here,” “turn clockwise”), this is a design
convention, not a normative rule. Other papers use arrows
merely to point at regions of interest, leaving the intended
action to be conveyed verbally or textually.

4.7 HCI techniques

Prior research in industrial XR-enabled remote collaboration
has revealed distinct contextual challenges faced by
distributed teams operating in XR environments, particularly
regarding the effective integration of visual annotation
systems with HCI paradigms.%'3 As evidenced in Table 2, the
systematic analysis of interaction techniques reveals three
primary HCI approaches: gesture-driven interaction (GDI),
controller-based interaction (CBI), and traditional keyboard-
mouse interaction (KBM) for industrial asset manipulation
and spatial manipulation of annotations.

Fig. 13 shows the trend of HCI methods for remote and
local sites over time. There are no obvious trends of change in
GDI, KBM, and CBI. For remote sites, the proportions of the
three HCI methods are basically similar, specifically, with
KBM accounting for the highest percentage at 36.6%,
followed closely by GDI at 33.8% and CBI at 29.6% (see Fig.
14(a)), respectively. For local sites, compared with the
interaction methods on the local side, it is evident that GDI
dominates in all three categories annually(see Fig. 13), with
respective proportions of 75% for GDI, 13.2% for KBM, and
11.8% for CBI(see Fig. 14(b)). This suggests that in remote
collaboration scenarios, there isn't a clear dominance of any
single interaction method. Instead, a variety of methods are
utilized, possibly reflecting the diverse needs and preferences
of remote users. The similarity in proportions might also
indicate that each method has its own strengths and

20 | Eng. Sci., 2025, 37, 1802

weaknesses, and thus, a combination of methods is employed
to optimize the remote collaboration experience. The analysis
of interaction methods in XR remote collaboration from the
perspective of supporting visual annotations cues in industry
reveals distinct patterns at remote and local sites. While
remote sites exhibit a more balanced utilization of GDI, KBM,
and CBI, local sites are dominated by GDI. The stability in the
proportions of these methods suggests a need for further From
Table 2, we summarize the essential toolkits used in XR
remote collaboration for industry, focusing on those that
support visual annotation cues. These toolkits enable
researchers and industry professionals to develop prototype
systems for practical applications like industrial assembly,
training, and maintenance. investigation into the factors
influencing interaction method preferences and the potential
benefits of exploring new interaction methods to improve XR
remote collaboration.
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Fig. 13: The trend of HCI in XR remote collaboration.
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4.8 XR toolkits

The primary VR toolkits that are widely utilized in the domain
of XR visualization and remote collaboration include VRTK
(Virtual Reality Toolkit), which offers a comprehensive set of
pre-built components and interactions to streamline the
development process; SteamVR, providing robust support for
a variety of VR hardware and enabling developers to create
immersive experiences with relative ease; the Oculus XR
Interaction Toolkit, designed specifically for Oculus devices
and offering optimized interactions and gestures that enhance
user engagement within virtual environments; and the Meta
Avatars SDK, which allows for the creation of personalized
and expressive avatars, adding a human touch to VR
interactions and making virtual collaboration more intuitive
and engaging.

For AR/MR, several key toolkits stand out as vital
resources for developers and researchers aiming to create
immersive and interactive applications. Vuforia is renowned
for its sophisticated image target recognition and tracking
capabilities, allowing for the seamless overlay of digital
information onto the physical world. ARToolkit, as a pioneer
in the field, provides a robust foundation for building
augmented reality experiences with its efficient marker-based
tracking system. Vuforia Chalk takes collaboration to new
heights by enabling real-time, interactive annotations in
augmented reality environments, facilitating effective
communication and problem-solving among remote teams.
Webkit, with its powerful rendering engine, supports the
development of web-based AR applications that can be

accessed across various devices, promoting wider accessibility.

Apple's ARKit and Google's ARCore are platform-specific
solutions that leverage the capabilities of IOS and Android
devices, respectively, offering advanced features like
environmental understanding and motion tracking to create
realistic AR experiences. AR tags serve as simple yet effective
markers that can be easily recognized by AR systems,
providing a stable basis for overlaying digital content. Lastly,
MRTK is a comprehensive suite designed specifically for
Microsoft's HoloLens and other XR platforms, offering a wide
array of tools and components to simplify the development
process and enable the creation of rich, interactive XR
applications.

In the field of telecommunication for XR remote
collaboration, a variety of toolkits play crucial roles. More

Engineered Science Publisher

specifically, WebRTC, supported by major browser vendors,
enables peer-to-peer real-time communication, including
video, voice, and data transfer, making it ideal for creating
immersive communication solutions. The WebSocket API
allows for persistent, two-way interactive communication
between a user's browser and a server, enabling real-time
updates and interactions without the need for continuous
polling. Photon Unity Networking is particularly popular in
game development for its efficient handling of multiplayer
interactions, which can be adapted for collaborative XR
environments. Agora's real-time network provides scalable
and low-latency communication solutions, essential for
smooth and interactive remote collaboration experiences.
Socket.io library offers flexible real-time communication
capabilities, supporting both WebSockets and HTTP long
polling to ensure compatibility across different network
conditions. Additionally, Dynamics 365 Remote Assist and
Teams integrate telecommunication features with remote
assistance functionalities, enabling hands-free communication
and collaboration in industrial settings. Zoom and Microsoft
Teams are widely used video conferencing tools that can also
be leveraged for XR remote collaboration scenarios.
Furthermore, VRChat SDK allows developers to create social
and collaborative VR experiences, emphasizing user
interaction and presence. Unity UNet API provides
networking capabilities for Unity-based applications,
facilitating synchronization and communication between
multiple users in XR environments. These toolkits collectively
provide the necessary infrastructure and functionalities to
support real-time, interactive, and immersive
telecommunication in XR applications, enabling seamless
remote collaboration across various industries.

In addition, we compared commercial XR platforms (e.g.,
Microsoft HoloLens, Magic Leap, Meta Quest) in terms of
technical performance and user experience as shown in Table
4.

Finally, deep learning algorithms include YOLOVS,
Segment Anything, and Instant-NGP. The main VR devices
are HTC Vive and Oculus, while the AR/MR devices are
HoloLens 1/2.

5. Discussion

After carefully reviewing 69 publications within this domain
(referenced in Table 2), it has been observed that industrial
applications predominantly revolve around key areas such as
design, assembly, inspection, training, maintenance, and
beyond. In this section, a thorough exploration of research
pertaining to XR remote collaboration, with an emphasis on
the utilization of visual annotation cues within industrial
contexts, will also be comprehensively discussed.

5.1 Collected studies

While our review primarily centers on XR remote
collaboration utilizing visual annotation cues within industrial
contexts, we have also gathered several works that explore XR
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remote collaborative applications in healthcare settings (e.g.,
[263941.48,50.58741)  gupporting annotations. Additionally, we
included "ShareYourReality",*®! a notable example of VR

remote collaboration, which has no ability to share annotations.

These works have been incorporated into our review because
they can provide valuable insights into supporting visual
annotation cues and highlight the key technologies that merit
consideration in such systems. Although we have carried out
an extensive survey, it is possible that some relevant research
may not have been included in our review due to time
constraints.

5.2 Document type and conducting studies

Our analysis reveals a predominant preference among
researchers for journal-based publications, with the IJAMT
emerging as the most frequent outlet (see Fig. 5). However,
our investigation identified limited relevant publications (n=3
from ISMAR conference proceedings) on XR remote
collaboration utilizing visual annotations, primarily appearing
in specialized conferences including IEEE VR, VRST, UIST,
and CSCW. Notably, the CHI conference demonstrates the
highest publication count in this domain (see Fig. 6). This
scarcity of related studies aligns with previous systematic
reviews>* documenting the under-explored nature of
collaborative XR implementations. Thematic analysis
indicates that HCI constitutes the predominant research focus,
representing over four-fifths (81%) of examined publications.

For comprehensive guidance on HCI research methodologies,
we recommend consulting the seminal work by Lazar et al,l””
which provides extensive coverage of established techniques,
critical evaluations, and practical implementation strategies
for HCI investigations.

5.3 User interfaces and HCI

The design challenge for user interfaces is optimizing HCI
usability without overcrowding while preserving natural
interaction.®® Based on Fig. 13, and Fig. 14, the lack of
obvious trends of change in the proportions of GDI, KBM, and
CBI over time, which indicates a certain stability in the
interaction methods employed in XR remote collaboration for
remote sites. This stability might be due to the maturity of
these methods or the absence of significant technological
advancements that could alter the landscape of interaction
methods in this domain. However, it is also possible that the
stability reflects a lack of exploration or adoption of new
interaction methods, which could potentially enhance the
effectiveness of XR remote collaboration. As shown in Fig.
9(a) and Fig. 10(a), remote sites rely primarily on VR HMDs
(49%) and desktop systems (37%) for XR visualization. This
aligns with distinct HCI patterns: VR collaborative
environments using HMDs favor GDI and CBI, while desktop
displays predominantly employ KBM. Statistical analysis
reveals a strong correlation between display modes and
interaction methods.

Table 4: Commercial XR platforms in terms of technical performance and user experience.

Dimension HoloLens 2 Magic Leap 2 Meta Quest 3
Field of View ~52° (limited by ~70° (dynamic  ~110° (Pancake
(FOV) waveguide optics) focus) lenses)
Display Waveguide (3-layer Light-field (6-layer LCD (120 Hz
Technology diffractive) waveguide) refresh)
Technical Moderat
) High (depth sensors © ‘e rate . High (inside-out -+
performance Tracking Accuracy (environmental drift
. . +IMU) ) Al)
Dimension issues)
Snapdragon 850 (on- NVIDIA Tegra X2 Snapdragon XR2
Compute Platform . .
device) (lightpack) Gen 2
15-20 ms (render-to- <30 ms (cloud-
Latency . <20 ms (standalone)
photon) assisted)
User Experience Comfort Moderate High (split Moderate (503g,
. . omfo
Dimension heavy, 645g) design, 260g HMD)  strap-dependent)
Hand t (high Controller + gest Hands/controllers
and gestures (hi ontroller + gestures
Interaction gestu & gestu (flexible but tracking

accuracy)

Enterprise-focused

Content Ecosystem
4 (UWP)

Moderate

Visual Comfort
fsuatomio focal plane)

(inconsistent)

Limited (LuminOS)

High (dynamic

focus)

drops)

Rich (App Lab +
SteamVR)

Moderate (fixed)
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In contrast, for local sites, the stark difference in
proportions compared to remote sites suggests that local users
may have different interaction preferences or that the local
environment may be more conducive to certain types of
interaction methods. The dominance of GDI at local sites
could be attributed to factors such as familiarity, ease of use,
or the specific requirements of the local tasks. Importantly,
GDI better facilitates user-created visual annotation cues,
enhancing collaborative clarity. The prevalence of GDI at
local sites may stem from user familiarity, task-specific
demands, or ergonomic advantages. Notably, GDI enhances
collaborative clarity by enabling intuitive user-generated
visual annotations. As evidenced in Fig. 9(b) and Fig. 10(b),
local sites favor MR HMDs (40%) and HHDs (27%) for on-
site XR workflows. This aligns with gesture interaction being
the optimal input method for MR and handheld devices, a
correlation strongly supported by the statistical data.

5.4 Creating accurate annotations

XR remote collaboration using visual annotations in industry
faces a key challenge: creating accurate annotations. GDI
methods, while freehand gestures enable natural annotation
creation, are hindered by algorithm limitations, sensor issues,
and noise, causing misinterpretation of fine movements and
poor sketch quality. Additionally, CBI-based annotations,
though precise, restrict natural creativity and pose ergonomic
barriers. These technical gaps frequently yield misaligned or
ambiguous annotations, escalating error risks in precision-
dependent domains like manufacturing, prototyping, and
maintenance. Mitigation demands hybrid interfaces
combining adaptive gesture recognition (enhanced via Al-
driven motion prediction) with context-aware controller
assistance, coupled with multi-sensory feedback systems to
bridge the virtual-physical annotation divide.

5.5 Core theoretical frameworks

Based on the systematic scoping survey, in industrial XR
remote collaboration, situational awareness and embodied
interaction form a synergistic relationship, amplified by visual
annotation cues, to enhance distributed workflow efficiency.
Situational awareness refers to users’ perception,
comprehension, and projection of environmental states (e.g.,
machinery status, collaborator actions), while embodied
interaction emphasizes physical movement and gestures as
primary interaction modes. Visual annotations, such as AR
overlays, 3D markers, or VR spatial guides, serve as the
critical bridge between these two concepts.

The interplay is bidirectional: embodied interaction
enhances situational awareness by linking natural actions (e.g.,
gestures, gaze) to real-time contextual data, reducing cognitive
load. For instance, a technician’s hand motion to rotate a
virtual engine part triggers AR annotations displaying
maintenance steps, improving spatial comprehension.
Conversely, situational awareness drives embodied interaction
design by dynamically adjusting interfaces based on
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contextual needs. For example, if situational awareness detects
a misaligned robotic arm, the system may pre-load virtual
adjustment handles to guide embodied corrections.

5.6 Virtual-real fusion of annotations

We find that both spatial anchoring and computer-vision-
based registration are used to guarantee that annotations
remain correctly aligned between the remote expert’s and the
local worker’s views. Specifically, spatial anchoring (world-
stabilized annotations) is the dominant mechanism. Most
systems place annotations relative to 3-D feature points or
physical markers that are tracked by the on-site device’s
SLAM pipeline. This keeps an arrow, highlight, or free-hand
stroke “stuck” to the same bolt, cable, or panel even when the
worker moves around the object.

Additionally, computer-vision-based registration is
employed as an additional safeguard or fallback. When the on-
site camera view changes abruptly (e.g., the user steps back),
simple spatial anchoring can drift. Several studies therefore
combine SLAM with lightweight CV techniques—such as
keypoint re-detection or planar homography refinement—to
re-lock the annotation to the intended surface. Marques et
al.,” for example, allow the remote expert to manually freeze
the incoming video, draw an annotation on the static frame,
and then release the frame; this hybrid CV-plus-anchor method
prevents mis-registration when the local user’s viewpoint
shifts while the expert is drawing.

In short, spatial anchoring provides the primary
synchronization  layer, while  computer-vision-based
registration is used to correct or re-anchor annotations in case
of tracking failure or viewpoint drift.

6. Future directions

6.1 XR dynamic visualization

In XR remote collaboration, scene perception has
conventionally been based on video and audio.l>%!0:21
Nevertheless, we summarized that researchers are currently
incorporating 3D reconstruction to supply depth information
and more comprehensive environmental details, thereby
improving the comprehension of remote surroundings.'>!>2-
2l From a visualization standpoint, the difficulty lies in
optimizing visual realism while guaranteeing correct
understanding and promoting trust, all the while curtailing the
time users spend in XR and circumventing misplaced
confidence. A pivotal element in reconciling these trade-offs
is the level of detail (LOFD) utilized to present objects within
the 3D XR scene. However, in the current study, researchers
basically did not consider one point, and the focus was on how
to create visual annotation cues efficiently. Dynamic LOFD
adjusts rendering levels: high detail for critical XR elements
near users, lower for distant/less relevant ones, optimizing
computation and enhancing collaborative focus. This method
facilitates more effective transmission of scene and task-
related information, enabling participants to concentrate on
critical elements without being inundated by superfluous
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details.

6.2 HCI using intelligent agent

Agent-driven architectures in HCI are advancing at an
accelerated pace, spanning varied implementation domains
and scholarly investigations. These intelligent platforms
prioritize delivering streamlined and user-centric interaction
frameworks while tackling critical issues, including privacy
preservation and contextual adaptability.® The integration of
intelligent agents into HCI for industrial XR remote
collaboration presents transformative potential to address
persistent challenges in visual annotations. Building on the
foundation of agent-driven architectures, future research
should prioritize context-aware adaptive interfaces that
dynamically optimize annotation. Intelligent agents could
leverage real-time user intent analysis, via multimodal inputs
(gestures, gaze, voice), to auto-calibrate gesture recognition
thresholds in XR environments, mitigating current limitations
in fine motor skill capture during technical sketching. Recently,
Chen et al.'™ reveals how large language model integration
revolutionizes agent-based systems, creating unprecedented
capabilities in autonomous learning paradigms and decision-
making processes. Thus, intelligent agent-driven HCI could
interpret ambiguous visual cues through semantic grounding,
automatically generating context-appropriate annotations
while preserving collaborators' intent across distributed teams,
reducing cognitive load while maintaining natural interaction.
Ultimately, intelligent agent-driven HCI must evolve as
contextual mediators, balancing industrial tasks’ requirements
with ergonomic interaction paradigms to unlock XR's full
potential in next-generation industrial remote collaboration.

6.3 Embodied
collaboration
Object-centric XR remote collaboration is increasingly critical
in industrial maintenance and assembly, where distributed
teams co-analyze and troubleshoot physical tasks using visual
annotation cues. Despite its growing adoption for enabling
collaboration, current systems lack flexible ways of
supporting remote collaborative tasks in industrial settings.
While contemporary XR collaborative platforms partially
address these needs through shared telepresence, they suffer
from two critical industrial limitations: (1) rigid viewpoint
constraints that prevent context-aware annotation positioning
around multi-scale equipment, (2) inability to synchronize
perspective-dependent annotations across varying HMD/HHD
displays.

To overcome these challenges, embodied intelligent
robots and computer vision systems could revolutionize
industrial XR remote collaboration by serving as dynamic
physical proxies at local worksites. By deploying embodied
intelligent  robots, remote collaborators can gain
unprecedented flexibility to navigate complex environments,
dynamically adjust viewpoints around multi-scale equipment,
and contextually anchor visual annotations to physical objects.

intelligent  robot-driven  remote
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This breaks the rigid scene perception perspective constraints
while enabling perspective-aware annotation synchronization
across displays through real-time spatial mapping. As Feick et
al.' suggested, combining robotic mobility allows the
system to share the right scene perspective. As Al advances,
these embodied agents will evolve from passive teleoperation
tools to proactive collaborators that predict needs through
behavioral understanding, fundamentally redefining human-
machine partnership in Industry 5.0 environments.

7. Conclusion and perspectives

This systematic review investigates the implementation and
impact of visual annotation systems in industrial XR remote
collaboration, synthesizing 69 studies (2019-2024). To our
knowledge, it’s the first to offer a clear, concise map of XR-
based remote collaboration with visual annotations in industry.
XR remote collaboration has seen significant industrial
progress, with broad design, assembly, and maintenance
applications, and sustained academic interest. We aim to
provide a foundation and guide for researchers interested in
this field.

Moving XR annotation research from labs to engineering
and widespread use presents opportunities and challenges.
Fortunately, as more researchers focus on this area, engaging
in industrial XR remote collaboration with visual annotations
is becoming increasingly accessible. Looking ahead, there are
several promising directions for future research such as XR
dynamic visualization, HCI using intelligent agent, and
embodied intelligent robot-driven remote collaboration.
Future studies should focus on addressing the scalability and
cost-effectiveness issues to facilitate the widespread
implementation of XR remote collaboration with visual
annotations in various industries.
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