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Abstract
Purpose: The metaverse and extended reality (XR), which includes aug-
mented reality (AR), virtual reality (VR) and mixed reality (MR), are trans-
forming orthopaedic surgery by enhancing training, procedural accuracy
and rehabilitation. However, a literature review of these new virtual tools is
lacking. The purpose of this narrative review is to summarise available
evidence about the metaverse and discuss current and future clinical
applications.
Methods: A narrative review of the current literature was performed for
studies evaluating XR tools and their respective clinical and educational
utility. Studies from all orthopaedic subspecialties were eligible for inclusion.
The XR tools evaluated in each study were categorised according to the
reality spectrum and future research or clinical applications were discussed.
Results: XR is a technological spectrum that includes AR, VR and MR to
create immersive and interactive surgical training environments. VR‐based
simulators may improve surgical education by allowing trainees to refine
their skills in a risk‐free setting. AR may enhance intraoperative guidance
and has been studied within orthopaedics to improve implant positioning
accuracy and reduce complications in procedures including arthroscopy
and total joint arthroplasty. In rehabilitation, AR and VR have been im-
plemented to facilitate patient engagement and adherence, promoting
functional recovery through gamified therapy and remote telerehabilitation.
Conclusions: There has been a paradigm shift in orthopaedic care in which
digital tools are integrated with patient care to optimise patient outcomes.
However, challenges to the widespread implementation of promising XR
technology include high costs, steep learning curves and limited clinical
validation. Ethical concerns, including data security and patient privacy,
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further complicate its use in clinical settings. Future research must focus on
cost‐effectiveness, standardisation and improving accessibility to ensure
seamless integration into clinical practice.

Level of Evidence: Level V.
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INTRODUCTION

The term 'metaverse', first conceptualised in 1992, rep-
resents an immersive three‐dimensional (3D) virtual
ecosystem that merges augmented physical reality with
persistent synthetic environments [32]. At its core, the
metaverse integrates extended reality (XR) technologies,
which include virtual reality (VR), augmented reality (AR)
and mixed reality (MR), to facilitate dynamic interactions
across virtual and physical spaces (Figure 1). VR can be
classified on the increasingly virtual end of the spectrum
as these technologies immerse users in entirely digital
environments. Conversely, AR lies on the opposite end
of the spectrum in which technologies overlay contextual
digital data onto real‐world settings to enhance spatial
perception. MR bridges these opposite ends of the XR
spectrum, enabling simultaneous interaction with physi-
cal and virtual elements [18, 27]. Together, XR modalities
transcend traditional digital interfaces, enabling collabo-
rative, multisensory engagement (Figure 1).

In healthcare, the metaverse and XR technologies
are driving a paradigm shift in which the merging of vir-
tual and physical domains has changed medical training,
procedural accuracy and direct patient care. For ex-
ample, VR simulators have previously demonstrated
efficacy in surgical skill acquisition while also minimising
the risks associated with early clinical exposure and
avoiding the use of cadavers [1, 35]. Within orthopaedic
surgery specifically, AR navigation systems enhance
procedural accuracy in total knee and hip arthroplasty
by improving component alignment and reducing

intraoperative errors, which may lead to improved long‐
term patient outcomes [46]. These advancements signal
a paradigm shift: the metaverse is not merely a tool but a
holistic framework for bridging gaps between orthopae-
dic training, surgical execution and patient outcomes.
Among these innovations, digital twin systems represent
a cutting‐edge application of XR in orthopaedics,
enabling personalised surgical planning, real‐time reha-
bilitation monitoring and predictive modelling of muscu-
loskeletal conditions through the integration of
multimodal data and computational modelling [11]. In
parallel with XR advancements, large language models
such as ChatGPT and emerging multimodal artificial
intelligence (AI) systems like DeepSeek are also influ-
encing orthopaedic scholarship—enhancing language
accessibility, streamlining manuscript preparation and
offering novel tools for clinical decision support and lit-
erature navigation [9, 23, 24]. The integration of AI sys-
tems in XR tools would further improve orthopaedic
surgery through personalised and predictive modelling
and assist in surgeon training [31].

Within the subspecialty of sports traumatology
and arthroscopic surgery, XR technologies provide
demonstrable and clinically relevant benefits. VR‐
based arthroscopy simulators allow trainees to
repeatedly practice shoulder and knee procedures
in risk‐free environments—accelerating the learning
curve while improving safety. Intraoperatively, AR‐
assisted navigation can enhance tunnel positioning in
ACL reconstruction, reduce fluoroscopy time during
multiligament repairs and improve visualisation in
complex shoulder procedures. These innovations have
the potential to reduce technical errors, enhance the
accuracy of graft positioning and contribute to better
long‐term outcomes in athletes. In the postoperative
setting, virtual and AR–based rehabilitation tools can
support greater patient adherence, facilitate remote
supervision and assist in more efficient return‐to‐sport
decision‐making following ligament or cartilage injuries.
As these technologies continue to evolve and demon-
strate clinical value, their integration into both operative
workflows and sports rehabilitation protocols is ex-
pected to expand.

While numerous publications have described XR
technologies individually, this review distinguishes itself

F IGURE 1 illustrates the reality spectrum from a fully virtual to
real environment. Mixed reality bridges virtual and augmented reality
using devices such as head‐mounted displays, whereas simulators
are examples of virtual reality (VR) and smart glasses examples of
augmented reality (AR).
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by offering a structured, orthopaedic‐specific synthesis.
It consolidates current knowledge and provides a
clinician‐oriented perspective on how XR integration
can enhance procedural outcomes, patient safety and
accessibility in orthopaedic care. Focusing on three
pillars—(1) immersive surgical education and VR sim-
ulation, (2) AR/MR‐enhanced surgical procedures and
(3) rehabilitation—we critically evaluate clinical evi-
dence and emerging trends to demonstrate how the
convergence of virtual and physical realities is re-
defining standards of care and highlight the challenges
that must be addressed for sustainable implementa-
tion. It is hypothesised that recent advances in XR
technology have been adopted in orthopaedics, en-
hancing surgical education, planning, procedures and
postoperative rehabilitation.

Orthopaedic surgical training and the role
of immersive technologies

The concept of utilising VR‐based simulators for
surgical training originated from the observation that
surgeons who had experience playing video games
adapted more quickly to tasks requiring indirect
visualisation and fine motor coordination on a two‐
dimensional screen—particularly in arthroscopic and

laparoscopic surgeries [8, 15, 17, 21]. VR‐based sim-
ulators have since emerged as transformative tools in
surgical training. They allow trainees to practice a wide
range of skills—from anatomical dissections (Figure 2)
to complex surgical procedures such as arthroscopic
techniques, fracture fixation and arthroplasty—in risk‐
free, controlled environments. This immersive practice
may ultimately enhance technical precision and help
reduce intraoperative errors in the future [4, 41].
Table 1 summarises key distinctions between tradi-
tional orthopaedic training and XR‐enhanced ap-
proaches, based on the authors' synthesis of current
literature and clinical perspectives.

VR simulators can be classified into two based on
the use of VR headsets;

• Screen‐based VR simulators
◦ These simulators combine physical models, haptic

feedback and high‐resolution screens to simulate
real‐life procedures. They often use tracked instru-
ments but do not rely on VR headsets.

• Fully immersive headset‐based VR simulators
◦ These systems use VR headsets and hand controllers

to create an immersive training experience that rely
heavily on virtual environments rather than physical
models.

F IGURE 2 Example of anatomy education using three‐dimensional (3D) anatomical models and 3D‐scanned cadaveric dissections.
Dissection Master XR (Medicalholodeck, Zurich, Switzerland).
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Screen‐based VR simulators improve hand‐eye
coordination and procedural accuracy in knee and
shoulder arthroscopy, allowing surgeons to improve
their technique before performing actual surgeries
[33, 39]. Research indicates that these simulators
may offer improved surgical competence with trainees
who used VR demonstrating superior proficiency in
complicated operations compared to those under-
going conventional training [5]. A randomised con-
trolled trial found that VR simulation significantly
improved arthroscopic skills compared to bench‐top
simulation practice [3]. A systematic review further
supports the efficacy of VR in improving psychomotor
skills and surgical performance across various ortho-
paedic specialties, including trauma, arthroplasty,
arthroscopy and spine surgery [41]. Additionally,
some VR‐based training platforms incorporate haptic
feedback, which provides tactile resistance and sen-
sation during surgical simulations. This technology
helps trainees develop a more nuanced under-
standing of soft tissue handling, force application and
instrument manipulation. A study suggested that
haptic‐enabled VR systems can reduce operation
time and tissue damage while improving surgical
accuracy [6].

While most screen‐based VR simulators are
designed for arthroscopic procedures, other
applications—such as fracture fixation (Figure 3a,b),
deformity correction and arthroplasty simulations—are
increasingly available, particularly in fully immersive
headset‐based systems [4, 33, 35]. These immersive
platforms can provide step‐by‐step surgical instruc-
tions, enable the completion of entire procedures
(Figure 4a–c), and allow the use of virtual instruments
and implants (Figure 5a,b). They also support real‐time
collaborative sessions, allowing participants from
around the world to join, thereby facilitating global
surgical education (Figure 6). A recent randomised
controlled trial found that VR training for unicompart-
mental knee arthroplasty resulted in surgical compe-
tence equivalent to that achieved with traditional
technique guides, suggesting that VR modalities may

be valuable educational adjuncts [50]. VR‐based tele-
communication platforms can also enhance surgical
education by facilitating real‐time collaboration
between trainees and specialists across different geo-
graphic locations [18].

TABLE 1 Main differences between traditional and immersive technology enriched orthopaedic surgical training.

Aspect of education Traditional orthopaedic training Immersive technology enriched training

Educational methods Mainly passive (lectures, webinars, observation‐
based training in OR

Highly interactive (hands‐on learning, repeated
procedures

Patient safety Trainee‐patient interaction since early training Risk‐free simulators without patient involvement

Learning feedback Delayed, Mostly instructor dependent Immediate, Instantaneous error correction

Learning engagement Generally moderate High engagement

Learning curve Variable (clinical availability, instruction experience) Reduced (repetitive and standardised scenario)

Accessibility and repeatability Restricted (clinical volume, case variability) Widely accessible (standard virtual scenarios)

Abbreviation: OR, operating room.

F IGURE 3 Example virtual reality (VR) education modules for
orthopaedic trauma surgery. (a). Fracture reduction tool in a calcaneal
fracture model. (b). Plate‐screw application in a pelvis fracture model.
SharpSurgeon (Non Nocere GmbH, Berlin, Germany).
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AR and MR require specialised devices to integrate
virtual components into real‐world settings, including a
position tracker and a display. Devices designed for this
purpose include glasses and headsets or head‐
mounted displays (HMDs). These devices allow for
intraoperative image guidance, data monitoring and
surgical training [2, 35, 36], although limitations such as
low pass‐through resolution have been reported [2].

Currently, VR and AR technologies are incorporated
into surgical training programs, offering interactive
educational experiences. VR simulations provide an
enhanced view of anatomical structures, improving
spatial awareness and technical precision during pro-
cedural training [18]. Simulator platforms also offer
real‐time feedback, which provides trainees the
opportunity to refine their skills before participating in
live surgeries [1]. Additionally, AR technology has been
shown to be effective in surgical training, providing an
experience comparable to wet laboratory tutorials but
with greater trainee engagement [36]. Additional ad-
vantages of VR‐training include the opportunity to
consistently practice various standardised clinical sce-
narios without waiting for specific clinica cases, as well
as eliminating variability associated with mentor avail-
ability, expertise and potential bias toward a preferred
surgical approach [45].

HMDs also enable hands‐free access to surgical
guidance and remote mentorship, expanding the ability
for surgeons to provide expert instruction during pro-
cedures [33]. A recent systematic review emphasised
the role of XR technologies in reshaping orthopaedic
education by improving technical performance, reduc-
ing learning curves and facilitating remote training
opportunities [31]. The integration of VR and AR into

surgical curricula continues to evolve, with ongoing
research exploring new applications to optimise train-
ing and enhance patient safety. However, concerns
remain regarding the real‐world benefits of VR devices,
particularly in justifying their cost and the associated
institutional burdens [4].

The metaverse offers several potential benefits,
including increased student engagement, safe en-
vironments for decision‐making and the ability to
incorporate gamification. Additionally, blockchain tech-
nology can be utilised to verify and authenticate training
activities. In the future, increasingly refined and stan-
dardised virtual training could enhance the learning
experience by evolving from a single‐user interaction to
a highly realistic and complex simulations. Such
structured training could potentially become an integral
part of the core curriculum in orthopaedic surgical
education [10]. However, challenges such as disparit-
ies in digital access, the high cost of AR/VR devices
and platform fragmentation may hinder widespread
adoption [42].

Applications in orthopaedic surgery

The integration of VR and AR into orthopaedic surgery
has revolutionised preoperative planning, in-
traoperative navigation and postoperative rehabilita-
tion. By providing interactive, immersive visualisation
tools, these technologies have been shown to improve
surgical precision, reduce operative time and enhance
patient outcomes [31]. Table 2 summarises the current
applications and benefits of VR and AR in orthopaedic
surgery. Where applicable, representative commercial

F IGURE 4 Minimal invasive hallux valgus surgery education module. (a) Preoperative deformity evaluation on a complete foot model.
(b) Deformity evaluation on bone model of the same patient. (c) Postoperative view of corrected deformity after osteotomy and screw fixation.
SharpSurgeon (Non Nocere GmbH, Berlin, Germany).
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platforms have been included to enhance the table's
practical relevance. These examples illustrate the
types of XR solutions currently available and their
alignment with specific clinical needs, though they are
not intended to be exhaustive.

The organisation of Table 2 is designed to align with
the key stages of orthopaedic surgical care where XR
technologies have demonstrated distinct clinical value.
These stages include preoperative planning, in-
traoperative guidance and specific procedural applica-
tions such as arthroscopy and arthroplasty. This
structure enables a clear understanding of how differ-
ent XR modalities contribute to different phases of care
delivery.

VR systems are widely utilised in orthopaedic trauma
procedures, especially for fracture fixation and pre-
operative planning. Studies suggest that VR‐based sim-
ulations enhance intraoperative fracture reduction

efficiency, thereby improving overall surgical performance
and reducing radiation exposure by decreasing reliance
on fluoroscopic guidance [47].

In contrast, AR is more commonly employed in-
traoperatively, especially for surgical navigation [19, 26].
AR‐assisted techniques have demonstrated improved
accuracy in screw and plate placement, potentially en-
hancing mechanical stability and accelerating recovery
[31]. These technologies also aid in guidewire placement
for fracture management [19, 48], distal locking of in-
tramedullary nails [12], and pelvic screw placement [40]
by incorporating a virtual image projection into the sur-
geon's visual field and utilising magnetic guidance
(Supporting Information: Figure 1). Such applications
offer an immersive intraoperative experience and may
shorten surgical time and radiation exposure [19].

AR‐based overlays can also enhance real‐time vi-
sualisation of anatomical structures during shoulder

F IGURE 5 Example of using virtual reality to practice use of surgical instruments and implants. (a) Rongeur application in spine surgery.
(b) Screw application using a screw‐driver. SharpSurgeon (Non Nocere GmbH, Berlin, Germany).
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arthroscopy, minimising procedural errors and improving
efficiency [31]. In total knee arthroplasty (TKA), AR‐
assisted navigation improves component alignment
accuracy, reducing the risk of malpositioning and opti-
mising implant longevity [33]. Similarly, AR‐guided hip
arthroplasty allows for real‐time visualisation of acetab-
ular cup positioning, leading to more precise implant
placement and lower complication rates [31]. In shoulder
arthroplasty, VR‐based preoperative simulations provide
surgeons with enhanced spatial awareness, which
translates to improved surgical outcomes [47].

When combined with AI, VR/AR technologies—
collectively known as XR—have the potential to provide
rapid, adaptive solutions to emerging challenges in
surgical planning and intraoperative decision‐making.
AI can enhance XR applications through personalised
and predictive modelling and assist in surgeon training.
While AI is already well established in diagnostics, its
integration with XR in orthopaedic surgery is still in
early stages, with several trials underway [31]. This
combination may also help bridge the experience gap
between novice and expert surgeons. However, sig-
nificant challenges remain, including ethical concerns
related to the use of large patient datasets and the risk
of limited performance in rare or data‐scarce situa-
tions [43].

The ongoing incorporation of VR and AR in ortho-
paedic surgery is expected to improve surgical preci-
sion, reduce complications and improve patient safety.
Additionally, AR improves visualisation in minimally
invasive surgery (MIS) by overlaying critical anatomical
structures, minimising the need for excessive soft tis-
sue dissection. However, ongoing research is essential
to optimise these technologies for routine clinical
application, particularly given their high costs and the

lack of definitive evidence supporting their cost‐
effectiveness [47].

Use in musculoskeletal rehabilitation

XR‐based rehabilitation extends musculoskeletal care
beyond the confines of traditional clinical settings
through the integration of telemedicine platforms and
wearable technologies. Among these, inertial mea-
surement units (IMUs) have emerged as a pivotal
component of AR/VR‐based recovery programs, offer-
ing objective, continuous monitoring of joint kinematics
and gait parameters. When affixed to the limb, IMUs
capture motion data with a high degree of fidelity, en-
abling real‐time transmission to digital platforms or
healthcare providers. Recent studies have demon-
strated that modern IMU systems yield knee motion
metrics comparable in accuracy to those obtained in
laboratory‐based motion capture environments, while
allowing for assessment in ecologically valid, real‐world
contexts [22]. These wearable technologies facilitate
personalised, remote rehabilitation protocols, particu-
larly following procedures such as total knee ar-
throplasty. Technological advances over the past
decade have revolutionised musculoskeletal rehabili-
tation. The use of telemedicine for postoperative follow‐
ups and rehabilitation has optimised resource utilisa-
tion without compromising patient recovery [7, 14, 25].
The integration of VR and AR in orthopaedic rehabili-
tation further enhances patient compliance and func-
tional recovery by offering interactive and engaging
rehabilitation sessions. VR creates a fully immersive
digital environment that replaces the real world,
requiring patients to wear HMDs. In contrast, AR

F IGURE 6 Real‐time virtual reality collaborative session on the surgical treatment of Lisfranc injuries, enabling educators and trainees from
around the world to participate. Medical Imaging XR (Medicalholodeck, Zurich, Switzerland).
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overlays digital elements onto the real‐world environ-
ment, allowing patients to see both their physical sur-
roundings and virtual guidance through smart glasses,
tablets, or HMDs. This capability enables real‐time
feedback and guidance during exercises. A systematic
review highlighted the potential for AR‐based rehabili-
tation to improve post‐injury functional outcomes
through guided, interactive movement therapy [49].

VR‐based rehabilitation programs have proven
particularly beneficial for patients recovering from
musculoskeletal injuries and joint replacement surger-
ies. Studies indicate that gamified rehabilitation en-
vironments reduce pain perception, enhance range of
motion and improve functional recovery by promoting
active patient participation [28]. In anterior cruciate
ligament reconstruction, AR‐assisted telerehabilitation
has been shown to be as effective as in‐person phys-
iotherapy, with comparable functional improvements in
patients and higher compliance rates [29].

VR‐assisted rehabilitation has also been applied for
chronic musculoskeletal disorders including low back
pain, which has been shown to significantly reduce pain‐
related fear and disability scores [30]. The ability to
conduct therapy remotely through VR and AR platforms
also ensures continuity of care, particularly for patients
facing logistical barriers to in‐person rehabilitation [13].

VR‐based applications have demonstrated clinical
benefits in other rehabilitation programs as well,
including reducing acute procedural pain during hand
therapy [20]. Additionally, XR devices incorporating
HMDs have been proposed for managing phantom limb
pain in patients with acquired amputations, which may
offer therapeutic benefits [16]. As the application of XR
technologies in rehabilitation continues to expand,
future research should focus on optimising treatment
protocols, tailoring interventions to individual needs
and assessing long‐term outcomes to establish their
effectiveness in routine orthopaedic practice [31].

DISCUSSION

XR technologies, encompassing VR, AR and MR, are
increasingly influencing orthopaedic surgery by en-
hancing surgical precision, education and patient
recovery. This review has outlined their current appli-
cations in immersive training, intraoperative guidance
and musculoskeletal rehabilitation. However, the clini-
cal integration of XR tools presents certain challenges
that warrant careful consideration.

Anatomical considerations and technical
challenges

While XR platforms provide enhanced visualisation and
navigation, anatomical complexity introduces notableT
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limitations [37]. Joints such as the shoulder, hip
and foot exhibit intricate geometries and variable mor-
phology, demanding precise, patient‐specific model-
ling. Intraoperative AR overlays may be affected by soft
tissue distortion or registration drift, particularly during
minimally invasive procedures. In arthroscopy, limited
field of view and reliance on indirect visualisation may
reduce the effectiveness of XR‐enhanced guidance.
Moreover, current head‐mounted display systems often
face ergonomic limitations and visual resolution con-
straints, affecting surgeon comfort during long proce-
dures [2, 26, 27]. Overcoming these limitations will
require ongoing improvements in device design and
more sophisticated image‐processing capabilities that
better adapt to surgical realities.

Generalisability and broader clinical
integration

Most of the available data on XR technologies comes
from well‐funded academic centres or early adopters
with access to advanced resources. As a result, it's still
unclear how well these technologies will translate into
everyday care, especially in rural or under‐resourced
settings [44]. Even where XR devices are available,
certain system limitations temper their effectiveness.
For instance, most current VR simulators lack tactile
(haptic) feedback and cannot recreate the full com-
plexity of a live surgical environment [38]. Practical
barriers such as cost, infrastructure gaps, digital liter-
acy and compatibility with existing workflows all play a
role in slowing adoption. In addition, many published
studies are small or lack rigorous control groups,
making it difficult to draw broad conclusions [44]. To
truly understand how XR can impact patient care on a
larger scale, future research needs to include more
diverse populations and settings through well‐
designed, multicenter clinical studies.

Clinical relevance

XR technologies offer specific, high‐impact benefits
across the orthopaedic care continuum. In sports
traumatology and arthroscopy, VR simulators acceler-
ate skill acquisition by offering realistic, repeatable
training environments that bypass the need for cadav-
eric resources [1]. AR‐assisted procedures—such
as ACL reconstruction, meniscal repair and labral
surgery—enable improved anatomical accuracy,
reduce intraoperative radiation exposure and poten-
tially improve long‐term graft survival. Postoperatively,
immersive AR/VR platforms enhance patient engage-
ment in rehabilitation, facilitating better adherence and
remote monitoring, particularly following ligamentous
or chondral procedures. These benefits align with the

clinical demands of orthopaedic surgery: technical
precision, patient‐centred care and scalable solutions.

Recent studies further support these advantages,
noting that immersive VR technologies contribute
meaningfully to procedural planning, surgical training
and global educational access [18]. In the context of
rehabilitation, VR‐based interventions have shown
significant improvements in knee function and dynamic
balance following ACL injuries [7]. A recent meta‐
analysis on VR rehabilitation after knee ligament
reconstruction confirmed significant benefits in pain
reduction and proprioception, but also noted that most
underlying trials were underpowered and lacked long‐
term follow‐up [34]. Incorporating such tools into rou-
tine orthopaedic practice may help translate techno-
logical innovation into tangible improvements in clinical
outcomes. In summary, XR in sports traumatology and
arthroscopy offers practical benefits that are directly
relevant to patient care. Enhanced training means
surgeons are better prepared; AR‐guided techniques
mean surgeries are performed with greater accuracy;
and XR‐driven rehab means athletes recover strength
and confidence sooner.

LIMITATIONS AND FUTURE
DIRECTIONS

Despite the transformative potential of XR technologies
in orthopaedics, significant challenges prevent its
widespread adoption. High operational costs, steep
learning curves for practitioners and limited clinical
validation limit its use, particularly in resource‐
constrained settings [33]. Ethical concerns—such as
data security risks and patient privacy breaches—
further complicate implementation, highlighting the
need for robust systems to protect sensitive health
information [13]. However, these challenges must be
considered in light of the potential benefits including
enhanced training programs, improved surgical preci-
sion and optimised rehabilitation outcomes [39].

The lack of standardised protocols for XR integra-
tion into clinical workflows underscores the need for
rigorous, evidence‐based validation to ensure efficacy
and safety [39]. Additionally, the cost of VR/AR hard-
ware and software along with the requirement for
specialised training presents further obstacles to
widespread implementation [31]. The steep learning
curve for healthcare professionals complicates inte-
gration, emphasising the need for structured training
programs and validation studies to confirm effective
utilisation [33]. Furthermore, large‐scale, multicenter
trials are necessary to establish the clinical efficacy of
AR/VR in rehabilitation and surgical training [29].

The future of orthopaedics will likely see advance-
ments in AR/VR technology, leading to more precise
surgical guidance, patient‐specific preoperative
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planning and improved rehabilitation strategies. In ar-
throplasty, artificial intelligence‐powered VR simula-
tions may further enhance procedural planning and
intraoperative decision‐making [49]. Telerehabilitation
via AR platforms is also gaining popularity by enabling
remote therapy with real‐time feedback and improving
patient compliance [47]. As technology evolves, inter-
disciplinary collaboration between clinicians and en-
gineers will be essential in optimising XR applications
for routine clinical use. Future research should prioritise
standardisation, cost‐effectiveness and ease of use
to ensure seamless integration into orthopaedic
practice [28].

CONCLUSION

The metaverse and XR, with various AR, VR and MR
technologies, have considerable potential to transform
orthopaedic surgery by advancing residency training,
surgical education, preoperative planning, intraoperative
accuracy and rehabilitation. As these technologies con-
tinue to evolve, further research is crucial to confirm their
effectiveness, improve cost‐efficiency, and facilitate their
integration into routine clinical practice. Collaboration
between clinicians and engineers will be essential to
overcome current limitations and promote widespread
adoption. With continued advancements, AR and VR are
poised to become integral tools in modern orthopaedic
surgery.
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