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Abstract—The term "Metaverse' has recently gained significant attention. It refers to a concept aiming to immerse users in real-time
3D virtual worlds using XR devices like AR/MR glasses and VR headsets. When this idea is applied to industrial settings, it's termed
the "Industrial Metaverse," where operators leverage cutting-edge technologies. These technologies align closely with those associated
with Industry 4.0, evolving towards Industry 5.0 and prioritizing sustainable and human-centric industrial applications. The Industrial
Metaverse stands to benefit from Industry 5.0 principles, emphasizing dynamic content and swift human-to-machine interactions. To
facilitate these advancements, this article introduces the concept of the "Meta-Operator," essentially an industrial worker guided by
Industry 5.0 principles, engaging with Industrial Metaverse applications and surroundings through advanced XR devices. It also delves
into the key technologies supporting this concept: Industrial Metaverse components, the latest XR technologies, and Opportunistic Edge
Computing (OEC) for interacting with surrounding IoT/IIoT devices. Furthermore, the paper explores strategies for developing the
next generation of Industrial Metaverse applications based on Industry 5.0 principles, such as standardization efforts, integrating
AR/MR devices with IoT/IIoT solutions, and advancing communication and software architectures. Emphasis is placed on fostering
shared experiences and collaborative protocols. Lastly, the article presents a comprehensive list of potential Industry 5.0 applications
for the Industrial Metaverse and an analysis of the main challenges and research directions. It offers a holistic perspective and practical
guidance for developers and researchers venturing into Industrial Metaverse applications.
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sustainability, resilience, and human centricity. This paper
I. INTRODUCTION primarily focuses on the latter, exploring the development of

Extended Reality (XR) technologies, such as Augmented human-centric AR/MR  applications.  Additionally, it

Reality (AR) and Mixed Reality (MR), have undergone introduces the concept of the Meta-Opqrator, envisioned as
significant evolution since their inception in the 1960s [1], [2]. the future operator in I.ndustry .5'0 settlngs, who 1everages
However, it wasn't until the late 90s that notable progress was advanced AR/MR devices to interact with the Industrial
made, driven by both academic [3] and industrial efforts [4], Metaverse [16],' . .

[5]. This progress has culminated in the widespread adoption of The Industrial Metgverse, akin to Ir}dugtry >0, aims to
AR and MR in various industrial manufacturing processes [6]- develop human-f:entrlc ARMR apphcatlons, for'mmg a
[8], particularly within sectors like automotive manufacturing F‘etw"d‘ of real-time rendereq 3D ylrtual worlds tailored 'to
[9], [10]. Positioned as fundamental components of the Industry industrial use cases [17]. While still nascent, the Industrial

4.0 paradigm [11], [12]. AR and MR have demonstrated their Metaverse is anticipated to have a substantial economic
capacity to enhance factory performance [13]. gglggckt),ﬂfiv(l)gl[rlrgr'ket projections ranging from $22 billion to

Industry 5.0, an emerging paradigm characterized by the
European Commission [14], builds upon the foundation laid
by Industry 4.0, emphasizing social fairness and sustainability
[15]. Central to Industry 5.0 are three core values:

Despite the growing number of AR/MR solutions, few
have been designed with Industry 5.0 and the Industrial
Metaverse in mind, limiting shared experiences and real-
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world manipulation of Internet of Things (IoT) or Industrial
Internet of Things (IIoT) objects [19]. This paper addresses
this gap by proposing the concept of the Meta-Operator, an
Industry 5.0 industrial worker empowered by advanced
AR/MR technologies to interact with the Industrial
Metaverse[20].

Unlike previous reviews, which often focused on specific
topics or industries, this paper takes a holistic approach,
exploring the intersection of Industry 5.0, the Industrial
Metaverse, and enabling technologies such as
Augmented/Mixed Reality, IIoT, Opportunistic Edge
Computing, and Digital Twins. It offers several novel
contributions, including introducing the Meta-Operator
concept, a comparative analysis of AR/MR smart glasses, and
exploring AR/MR applications for [oT/IIoT devices.

The rest of the paper is structured as follows: Section I
provides background information on Industry 5.0, Section II
3. Advanced Interaction Technologies in Extended Reality
(XR) Environments, Section III Leveraging Edge Computing
for Enhanced Industrial Metaverse Connectivity, and Section
IV present conclusions.

II. MATERIALS AND METHOD

Industry 5.0, as advocated by the European Commission,
represents a new paradigm aimed at advancing economic
growth, industrial development, and societal well-being
beyond the achievements of Industry 4.0 [21], [22] . Unlike a
mere continuation or replacement of Industry 4.0, Industry 5.0
emerges as a fusion of contemporary European industrial and
societal trends, complementing the core objectives of its
predecessor. Since its inception in 2011 [23], Industry 4.0 has
primarily emphasized industrial digitalization, production
efficiency, and flexibility, focusing less on addressing societal
concerns such as social equity and environmental
sustainability. Consequently, Industry 5.0 redirects the
principles of Industry 4.0, urging industrial research and
innovation towards a human-centric and environmentally
conscious trajectory [24], [25].

The European Commission identifies six pivotal areas
crucial for the future technological advancement of the
industry [26]. These include personalized human-machine
interaction, bio-inspired technologies, digital twins and
simulation, data management technologies, Artificial
Intelligence (Al), and energy efficiency technologies [27].
XR technologies, particularly relevant to personalized
human-machine interaction, play a vital role in facilitating
individualized interfaces essential for the Industrial
Metaverse, an emerging concept closely aligned with Industry
5.0 objectives [28].

The term 'Metaverse' originates in Neal Stephenson's
seminal 1992 novel "Snow Crash." Stephenson's literary
creation envisaged a persistent virtual realm permeating
human existence, blurring the boundaries between labor,
leisure, art, and commerce [29]. Etymologically, Metaverse'
stems from the Greek prefix 'meta’, meaning 'beyond', and the
stem 'verse', derived from 'universe', suggesting a realm
transcending our own. Despite its captivating concept, the
Metaverse lacks a unified definition, allowing industry
leaders to shape it to fit their ideologies and capabilities [30].
This lack of consensus underscores the scale and diversity of
the opportunity recognized by numerous companies.
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However, the term is often adopted without a comprehensive
understanding, reflecting its evolving nature [31], [32].

Debates surrounding the definition of the Metaverse extend
to its core technologies. Questions have arisen about whether
Augmented Reality (AR) is integral to the Metaverse or
distinct from it [8], [33] (see Figures 1 and 2).

-
loT/ioT

Fig.2 Core Technologies and Definitions in the Metaverse Debate

Some view the Metaverse as a decentralized iteration of the
current internet, emphasizing user control over systems, data,
and virtual goods. The distinction between a 'metaverse' and
participatory Extended Reality (XR) environments further
complicates its definition [34], [35]. Everyday technologies,
such as IoT-based home automation systems enabling XR
interaction, exhibit Metaverse-like qualities, blurring the lines
between categories. Consequently, the term 'Metaverse'



emerges as a fixture in the ever-evolving technological
landscape [36].

The Industrial Metaverse's transformative potential lies in
facilitating remote collaboration and enhancing industrial
processes' efficiency and effectiveness [37]. From ubiquitous
computing to advanced tracking technologies, the Industrial
Metaverse offers a multifaceted approach to industrial
applications, promising seamless integration of technology
with the workforce, generating unprecedented value and
insights [38]. The Metaverse represents a massively scaled and
interoperable network of real-time rendered 3D virtual worlds.
It transcends singular entities or specific industries, with
various Metaverses catering to diverse interests [39], [40].

III. RESULTS AND DISCUSSION

In the current debate, it is suggested that several
Metaverses will coexist and eventually form 'metagalaxies,’
which are collections of virtual worlds connected under a
single authority. On the other hand, some contend that the
Metaverse notion may need to be more optimistic or cohesive
[41], as defined by companies, is a technology bubble,
unattainable due to its loosely connected nature. Platforms
like Second Life, Fortnite, Minecraft, or Roblox offer
glimpses into the integration of Metaverse features within
collaborative applications [42]. Yet, these platforms operate
as isolated universes, lacking seamless transitions and
consistent virtual identities across different Metaverses [43].

Table 1 juxtaposes the characteristics of traditional
networks with those of the new Metaverses, namely the
Commercial Metaverse for the general public and the
Industrial Metaverse for Industry 5.0 companies. While the
Industrial Metaverse shares certain aspects with traditional
industrial networks, such as required reliability and latency, it
differs significantly in content type and the ability of Meta-
Operators to work remotely [44]. This distinction highlights
the evolution and potential of the Industrial Metaverse in
reshaping industrial landscapes [45]. Advocates of the
Metaverse concept envision a forthcoming 3D augmentation
of reality, wherein individuals seamlessly engage in
commerce, gaming, and collaborative virtual environments.
Despite substantial corporate investments, such as Facebook's
multi-billion-dollar commitment in recent years, the
realization of a 'true' Metaverse remains elusive, with
numerous companies laying the groundwork for its eventual
emergence [46], [47]. Technological advancements have
propelled the development of immersive virtual realities,
exemplified by Facebook's exploration of Virtual Reality
(VR) through advanced eyeglasses and high-fidelity visuals.
Additionally, Augmented Reality (AR) and Mixed Reality
(MR) smart glasses have surfaced [48], [49], providing users
with supplementary information overlaying their physical
surroundings, accessible via various devices ranging from
smartphones to personal computers or televisions [50]. For
instance, contributions from Microsoft Azure cloud and MR
headsets further blur the boundaries between virtual, mixed,
and augmented reality, accommodating a spectrum of virtual
world experiences spanning from immersive 3D
environments to text-based augmented scenarios [51], [52].

Delineating among different Extended Reality (XR)
technologies is imperative for comprehending the Industrial
Metaverse landscape [53]. In this context, Augmented Reality
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(AR) situates users within their physical environment,
augmenting it with additional information or modifying it by
adding or removing certain elements [54]. This umbrella term
encompasses various technologies falling under Mediated
Reality, including Assisted Reality (aR), which overlays
virtual content to provide additional information [55], and
Amplified Reality (amR), which synchronizes the state of
additional information publicly among users within the same
Industrial Metaverse [56]. Modulated Reality (modR) and
Modified Reality (MfR) alter the Meta-Operator's perception
by filtering and modifying real elements, while Diminished
Reality (DR) and Severely Diminished Reality (SDR)
respectively hide or remove real elements or even certain
senses from the Meta-Operator's perception, facilitating
focused task performance amidst distracting industrial
environments [57], [58].
TABLEI

CATEGORIES AND FUNCTIONS OF EXTENDED REALITY (XR) TECHNOLOGIES
IN THE INDUSTRIAL METAVERSE

XR Technologies Main Points
Behind the - Augmented Reality (AR) overlays
Metaverse virtual content onto the physical

environment.

- Mixed Reality (MR) smart glasses
provide supplementary information.

- Virtual Reality (VR) explores
immersive virtual realities with high-
fidelity visuals.

- Assisted Reality (aR) enhances reality
with additional information.

- Amplified Reality (amR) synchronizes
additional information publicly among
users.

- Modulated Reality (modR) filters and
modifies real elements.

- Modified Reality (MfR) adjusts the
Meta-Operator's perception digitally.

- Diminished Reality (DR) hides or
removes real elements from the
perception.

- Severely Diminished Reality (SDR)
removes entire real environments or
certain senses.

- XR technologies play a vital role in
personalized human-machine
interaction.

- They facilitate individualized
interfaces essential for the Industrial
Metaverse.

- XR contributes to societal well-being
by emphasizing human-centric
trajectories.

- XR technologies align with the
European Commission's vision for
future industrial advancement.

On the Industrial
Metaverse

On Industry 5.0

A. Discussion of Findings

Mixed Reality (MR) combines virtual content with reality,
enabling user interaction that produces changes in the
physical environment. Objects in the surroundings react to the
Meta-Operator's actions, such as virtually damaging
machinery upon impact, and maintain a connection to reality
[59]. Augmented Virtuality (AV) enriches virtual
environments with elements from the real world, allowing



Meta-Operators to remain immersed in the virtual world while
receiving real-world information [60]. Assisted Virtuality
(asV) overlays real-world content on virtual environments to
provide accurate information, while Amplified Virtuality
(amV) synchronizes provided content among users [61].
Modulated Virtuality (modV) and Modified Virtuality (MfV)
alter user perception within virtual environments, easing

Meta-Operator tasks or tailoring information based on roles
or experience levels [62]. Diminished Virtuality (DV)
removes certain virtual elements from the Meta-Operator's
perception, akin to restricting access or content in Industrial
Metaverses. Virtual Reality immerses Meta-Operators
entirely into artificial worlds, which is beneficial for realistic
simulations and skill training in industrial scenarios [63], [64].
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Fig. 3 Industrial Metaverse AR/MR Tracking Technology

[oT/IloT data collection is considered for AR and MR
technologies for security reasons in Industrial Metaverses,
where Meta-Operators interact with machinery. Nonetheless,
interaction with IoT/IIoT devices is feasible within virtual
worlds and beneficial for AV applications related to digital
twins. Figure 4 delineates physical and virtual Industrial
Metaverse applications, distinguishing between AR/MR-
based interactions with real-world IoT/IIoT objects and those
occurring solely in virtual environments. [65], [66].

B. Interaction Capadbilities of AR/MR

Furthermore, the interaction capabilities of AR/MR
devices with the environment vary based on technologies,
including marker and markerless approaches. Marker
technologies utilize fiducial markers or images to trigger
information display or detect objects, while markerless
technologies rely on mechanisms like RF beacons, GPS
coordinates, motion tracking, and surface detection for
environmental understanding [67]-[69].

TABLE I

COMPARES VARIOUS EXTENDED REALITY (XR) TECHNOLOGIES IN TERMS OF
THEIR DESCRIPTIONS AND APPLICATIONS IN THE INDUSTRIAL METAVERSE.

XR Description Application in
Technology P Industrial Metaverse
Mixed Combines virtual Allows Meta-Operators
Reality (MR)  content with reality, to interact with virtual
enabling user objects affecting real-
interaction and changes ~ world machinery.
in the physical
environment.
Augmented Enriches virtual Facilitates Meta-
Virtuality environments with Operators to receive
(AV) elements from the real real-world information

world while keeping
users immersed in the
virtual world.

while engaged in virtual
tasks.
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XR o Application in
Description .
Technology Industrial Metaverse
Assisted Overlays real-world Provides Meta-
Virtuality content on virtual Operators with
(asV) environments to additional and precise
provide accurate information overlaid
information. onto virtual scenarios.
Amplified Synchronizes provided  Enhances collaborative
Virtuality content among users experiences by ensuring
(amV) within the virtual all users view the same
environment. additional information
simultaneously.
Modulated Alters user perception Adjusts the presentation
Virtuality within virtual of virtual content to suit
(modV) environments, easing individual Meta-
tasks or tailoring Operators' needs or skill
information based on levels.
roles or experience
levels.
Diminished Removes certain Restricts access to or
Virtuality virtual elements from removes unnecessary
(DV) the Meta-Operator's virtual objects for
perception. improved focus or
security in Industrial
Metaverses.
Virtual Immerses users Facilitates immersive
Reality (VR) entirely into artificial training experiences for

worlds for realistic
simulations and skill
training.

Meta-Operators in
industrial scenarios.

Edge Computing presents a paradigm shift by offering a
decentralized alternative to traditional cloud-based
architectures, aiming to address various challenges impacting
User Experience (UX), efficiency, accessibility, and privacy.
Unlike relying solely on remote clouds, Edge Computing
utilizes devices at the network's periphery to perform
computing tasks, resulting in faster response times and
reduced dependency on cloud resources [70]-[72]. This
approach has been applied in Metaverse environments, where



low latency and real-time interactions are crucial for
immersive experiences [73]. For instance, solutions like
PolyVerse leverage locally deployed Edge Computing
devices to project large virtual objects with minimal latency,
significantly enhancing user experiences compared to cloud-
based alternatives [74].

Moreover, Opportunistic Edge Computing (OEC) systems
capitalize on Edge Computing devices to provide services to
surrounding [oT/IIoT devices, particularly beneficial in
scenarios with intermittent or limited internet connectivity
[75]. OEC addresses challenges posed by resource-
constrained IoT/IloT devices dispersed across vast
environments, such as factories, where traditional cloud-
based solutions may encounter scalability and accessibility
issues [76]. Recent advancements in Single-Board Devices
(SBCs), wearables, and embedded IoT/IloT devices have
made OEC feasible and cost-effective, enabling them to act as
gateways or smart end devices in Edge Computing
architectures for Industrial Metaverse applications [77]. OEC
communications exhibit similarities to Mobile Ad-Hoc
Networks (MANETS), although OEC offers additional Edge
Computing services beyond routing functionalities [78].

While similar paradigms like Proximal Mobile Edge
Server, Mobile IoT, and Opportunistic Fog Computing have
been proposed in the literature, OEC distinguishes itself by its
emphasis on Edge Computing services and its applicability to
various IoT/IIoT applications without relying heavily on
remote clouds. As illustrated in Figure 6, an OEC architecture
for an Industrial Metaverse Factory, dubbed 'Meta-Factory,'
showcases the deployment of IloT devices throughout the
factory premises [79]. Meta-operators and autonomous
vehicles facilitate monitoring, interaction, and service
provision to IIoT devices, even in areas with limited or no
communication infrastructure [80]. Meta-operators leverage
OEC services to interact with deployed IIoT devices through
Industrial Metaverse applications and, when necessary,
facilitate communication with remote clouds for tasks
requiring intensive computing [81] . This approach ensures
efficient data collection, storage, and communication for IloT
devices, enhancing the overall connectivity and functionality
of the Industrial Metaverse environment.

TABLE III
SOFTWARE COMPONENTS AND THEIR DESCRIPTIONS IN THE INDUSTRIAL
METAVERSE
Software L
Description
Component
Peer Meta-operators need to detect surrounding IoT/IIoT
Discovery devices and establish communication channels. To

accommodate their mobility and narrow
communication windows, a secure and fast device
discovery protocol is required.

Facilitates routing communications to and from
specific devices, necessitating the establishment of
efficient communication paths beforehand.

Peer Routing

Data Routing  This enables the OEC system to transmit information
from one device to another when the receiving device
is outside the communication range of the sending
device.

Resource Optimizes resource utilization efficiency by

Sharing delivering necessary resources close to IoT/IIoT and

XR devices. This reduces response latency, which is
critical for enhancing User Experience (UX) in
Industrial Metaverses.
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TABLE IV
STANDARDIZATION INITIATIVES AND THEIR DESCRIPTIONS IN THE
METAVERSE

Standardization
Initiative
ITU

Description

The ITU's Focus Group on Metaverse (FG-MV)
involves approximately 500 experts working on
potential future standards. It has already
delivered over 20 technical specifications and
reports. These documents define the metaverse
concept, analyze cross-platform interoperability
requirements, and detail potential cyber threats.
Known for its role in standardizing mobile
telecommunications, the 3GPP is currently
involved in projects related to the Metaverse,
including studies on supporting tactile and multi-
modality communication services, providing
localized mobile Metaverse services, and
delivering XR services.

Established to foster interoperability standards
for an open Metaverse without requiring an
intellectual property framework, this forum has
various operating groups focusing on topics like
3D web interoperability, data asset management,
interoperable characters/avatars, network
requirements and capabilities, and Industrial
Metaverse interoperability.

When performing metaverse-related activities,
the most significant output is the definition of the
MPAI metaverse model.

MPEG has added the MPEG Immersive Video
(MIV) standard to the MPEG-I suite, which is
designed to support XR applications with 6DoF
visual interaction.

The IEEE proved to be a standard committee
with two working groups focusing on AR for
mobile devices and creating a methodology for
developing Metaverses that considers relevant
ethical and social aspects. Initiatives such as the
Decentralized Metaverse Initiative and the
Persistent Computing for Metaverse Initiative are
dedicated to guiding the development of
decentralized Metaverses and necessary
technologies, respectively.

3GPP

Metaverse
Standards Forum

MPAI

MPEG

IEEE

IV. CONCLUSION

This article laid the groundwork for the Meta-Operator
concept and offered valuable guidelines for future Industry
5.0 developers. It thoroughly details the key components
necessary for creating future Meta-Operators, including
essential XR devices and accessories, the development of
opportunistic communication protocols, and integration with
surrounding IoT/IIoT devices. Additionally, the paper
explored the critical aspects of the Industrial Metaverse,
recent standardization initiatives, and various options for
deploying advanced architectures to enable immersive
collaborative experiences. Furthermore, it provided an in-
depth analysis of the primary development, efficiency, and
legal challenges that future Industrial Metaverse developers
will face. This paper presented a comprehensive overview of
three interconnected concepts—Industrial Metaverse, Meta-
Operators, and Industry 5.0—that will collectively drive the
next generation of industrial innovation.
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