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Background: The integration of immersive technologies such as augmented reality (AR) and virtual reality (VR) is rapidly
transforming orthopedic surgical practice, particularly in knee surgery. These technologies offer enhanced visualization,
simulation-based education, and precise preoperative planning.

Purpose: To explore the current applications of AR and VR in knee surgery, with a focus on their role in surgical training and
preoperative planning, while identifying associated limitations and future directions.

Methods: A narrative review was conducted of peer-reviewed literature published between 2014 and 2025 using databases
including PubMed, Scopus, and Web of Science. The search focused on studies evaluating the clinical and educational use
of AR and VR in knee surgery, with emphasis on simulation training, preoperative visualization, and intraoperative
applications.

Results: VR-based simulation platforms have demonstrated efficacy in enhancing psychomotor skills and procedural
confidence among orthopedic trainees. AR has shown promise in improving anatomical orientation and precision during
preoperative planning, especially in ligament reconstruction and alignment-based procedures. However, both modalities
face limitations such as high costs, technical integration challenges, limited haptic feedback, and varying user adaptability.
While initial results suggest improved accuracy and learning outcomes, robust clinical trials linking these tools to long-term
surgical outcomes remain limited.

Conclusion: AR and VR are emerging as powerful adjuncts in knee surgery education and planning. Despite promising early
evidence, wider adoption is tempered by technical and financial barriers. Future research should focus on standardizing
outcome measures and integrating AR/VR tools into validated surgical curricula.

What this study adds: This review synthesizes recent evidence on AR and VR in knee surgery and highlights their utility and
constraints in training and preoperative workflows.

How this study might affect research, practice or policy: By synthesizing evidence spanning a full decade (2014–2025),
this review offers a longitudinal perspective on the evolution of immersive technologies in knee surgery. The findings may
aid curriculum designers, clinical educators, and surgical innovators in making evidence-informed decisions about the
integration of AR and VR into orthopedic training and preoperative planning. This historical breadth provides valuable
insight into emerging trends, persistent challenges, and the trajectory of future implementation across surgical education
and practice.

Study Design: Narrative literature review

Level of evidence: Level V
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Introduction

Over the past decade, the landscape of orthopedic surgery

has experienced a paradigm shift driven by emerging

immersive technologies. Among these, Virtual Reality (VR)

and Augmented Reality (AR) have gained prominence for

their ability to enrich both educational and clinical practices.

VR simulators create immersive, three-dimensional

representations of the surgical environment, allowing users

to interact with virtual anatomical models and instruments. In

https://doi.org/10.70885/hmsj.2025.08.003
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contrast, AR systems enhance the real-world surgical field by

overlaying relevant digital information, such as imaging data,

anatomical guides, or procedural cues, onto the physical

operative space [1][2][3]. Their integration into knee surgery, a

domain that demands anatomical accuracy, spatial

awareness, and procedural confidence, has opened new

avenues for both surgical training and preoperative planning.

VR allows for complete immersion in simulated

environments, offering trainees risk-free practice on realistic

procedural models, while AR superimposes digital

information onto real-world views, enhancing the surgeon’s

spatial understanding during planning and, to a lesser extent,

intraoperative guidance. These tools are particularly valuable

in orthopedic training, where the decline of traditional

apprenticeship models and increased surgical complexity call

for alternative educational strategies. Moreover, in

procedures such as total knee arthroplasty (TKA), ligament

reconstruction, or deformity correction, AR and VR have been

used to improve anatomical orientation and procedural

rehearsals [1][2][4][5][6][7][8][9][10].

Despite promising developments, significant barriers to

widespread adoption remain. These include high

implementation costs, a lack of standardized assessment

frameworks, insufficient haptic feedback in VR simulators,

and technical integration challenges in live surgical

environments. The clinical validation of these technologies,

especially in terms of long-term patient outcomes and

operative efficiency, remains limited and fragmented across

small-scale studies.

To date, much of the literature surrounding AR and VR in

knee surgery has focused on isolated applications, often with

varying outcomes and limited comparative analysis. A

comprehensive narrative review is therefore warranted to

synthesize recent findings, critically evaluate their utility, and

examine current limitations.

The aim of this review is to explore the current and emerging

roles of AR and VR in orthopedic knee surgery, with emphasis

on their application in surgical training and preoperative

planning. Additionally, this paper discusses the technological,

practical, and educational limitations that must be addressed

to facilitate their responsible integration into clinical practice.

Materials and Methods

Study Design

This study was designed as a narrative literature review

focusing on the application of AR and VR in knee surgery,

with particular emphasis on their use in surgical training and

preoperative planning. The goal was to identify, describe, and

synthesize key findings in peer-reviewed literature while also

discussing technical and clinical limitations associated with

these technologies.

Search Strategy

A targeted literature search was performed across PubMed,

Scopus, and Web of Science databases to identify relevant

studies published between November 2014 and February

2025. The year 2014 was selected as a starting point

because it marked the first wave of immersive VR tools

validated in orthopedic literature and the emergence of

commercial headsets which catalyzed AR/VR applications in

surgery. Search terms included combinations of: augmented

reality, virtual reality, knee surgery, orthopedic training,

surgical simulation, preoperative planning, and AR in

orthopedics or VR in orthopedics. A total of 172 potentially

relevant studies were identified during the database search,

of which 32 were duplicates and removed. Of the remaining

140 studies, 90 were excluded because they dealt with

irrelevant aspects to this review. Of the remaining 50 articles

selected for reading, only 24 finally met the criteria (Figure 1).

Only articles published in English in peer-reviewed journals

were included. Reference lists of selected studies were

screened for additional relevant publications.
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Figure 1. PRISMA flow chart.

Inclusion and Exclusion Criteria

Studies were included in this review if they met the following

criteria: (1) the study involved the use of AR and/or VR

technologies within the context of knee surgery; (2) the

primary focus was on applications related to surgical training,

simulation, or preoperative planning; (3) the study provided

original data, clinical evaluation, or a comprehensive review

of immersive technology in orthopedic practice; and (4) the

article was published in a peer-reviewed journal between

November 2014 and February 2025.

Exclusion criteria were established to ensure relevance and

quality. Studies were excluded if they: (1) focused on non-

orthopedic or non-knee-related procedures; (2) discussed

only robotic-assisted surgery without the use of immersive

visualization technologies such as AR or VR; (3) were

published solely as conference abstracts, letters to the editor,

editorials, or non-peer-reviewed commentaries; or (4) were

not available in full text or were written in languages other

than English. Additionally, studies that mentioned AR/VR only

tangentially, without substantive analysis or evaluation of

these technologies, were also excluded.

Data Extraction and Synthesis

Following the screening and selection process, eligible

studies were reviewed in full, and key data were extracted

manually using a standardized form. Extracted variables

included the first author, year of publication, study type (e.g.,

randomized trial, observational study, technical report, or

review), specific AR or VR technology used, target surgical

procedure or training module, study population, and key

outcomes measured. Where available, technical limitations,

user feedback, and implementation challenges were also

recorded.

To organize and synthesize the findings, a thematic analysis

approach was employed. Studies were grouped according to

their primary domain of application: (1) Surgical Training and

Simulation, (2) Preoperative Planning, (3) Intraoperative

Assistance, and (4) Patient Education and Outcomes. Within

each thematic category, findings were summarized

narratively, emphasizing the reported benefits, limitations,

and quality of supporting evidence. This method allowed for

a comprehensive yet structured interpretation of the

literature, consistent with the narrative review format and the

goals of the present study.

Results

Surgical Training and Simulation

Multiple studies have demonstrated the efficacy of VR-based

simulation platforms in enhancing surgical education for

orthopedic trainees. These systems replicate procedural

workflows, anatomical landmarks, and surgical tools in

immersive 3D environments. Notably, VR simulators have

been associated with improved psychomotor skills,

accelerated learning curves, and greater procedural

confidence among novice surgeons [1][2][4][5][6][7][8][9][10].
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Additionally, a study from Tronchot et al. showed that junior

residents that received supplementary VR training in knee

arthroscopy, had a significant difference in heart rate

variability compared to untrained residents during the final

assessment of their technical skills at six months [11].

Bartlett et al. evaluated the impact of VR simulation in knee

arthroscopy training and reported a significant improvement

in technical performance metrics [12]. Similarly, Hasan et al.

highlighted the educational benefits of immersive VR

platforms, noting their ability to provide real-time feedback,

repetitive practice, and risk-free failure [13]. Cannon et al. also

demonstrated that residents trained on a high realistic VR

arthroscopic knee simulators showed a greater skill level in

the operating room compared with the control group [14].

A more recent study demonstrated the transferability of skills

acquired on hybrid VR simulators to both bench-top and

cadaveric models, suggesting that technical competencies

gained through virtual training may translate meaningfully to

the operating room [15]. This finding supports the role of VR

simulation in diagnostic knee arthroscopy and

meniscectomy skills, not only as a preparatory tool but also

as a potential adjunct for standardizing surgical training and

monitoring resident progression across training programs.

Despite these advantages, limitations persist. Many

simulators have limited kinesthetic fidelity, which is crucial in

orthopedic procedures requiring force modulation [16][17].

Furthermore, variability in software fidelity, hardware costs,

and the absence of standardized assessment protocols

challenge their broader integration into surgical curricula.

Preoperative Planning

AR and VR technologies have increasingly been used to

support preoperative planning in complex knee procedures,

such as total knee arthroplasty (TKA), ligament

reconstruction, and corrective osteotomies. By overlaying

patient-specific imaging data (CT or MRI) onto 3D models, AR

facilitates enhanced anatomical visualization and surgical

rehearsal.

Verhey et al. demonstrated the feasibility of using AR

overlays for preoperative planning, allowing surgeons to

manipulate models of bone structures, identify alignment

issues, and anticipate surgical steps more accurately [2]. In

cases involving deformity correction, AR-assisted planning

tools improved the alignment precision and shortened

planning time compared to traditional methods [12].

Nevertheless, the integration of AR tools into standard

workflows remains inconsistent due to limited software

compatibility, learning curves, and regulatory concerns

around digital surgical aids.

Intraoperative Assistance

Though not the primary focus of this review, AR has shown

preliminary utility in intraoperative guidance. AR headsets

and projection systems can overlay anatomical landmarks or

virtual guides onto the operative field [18]. Jud et al. found AR

useful in improving spatial orientation and screw placement

accuracy during orthopedic procedures [4]. Additionally, in a

single-center study conducted by Sakellariou et al., AR was

evaluated for its efficacy in primary TKA procedures [19]. The

study reported that the use of AR resulted in improved

alignment accuracy, with postoperative mechanical axis

deviation averaging less than 1.5°, and a reduction in outliers

compared to conventional techniques. Additionally, the

integration of AR did not significantly prolong operative time,

suggesting that such technology can enhance surgical

precision without compromising efficiency. However, clinical

use remains experimental due to concerns about device

ergonomics, field-of-view limitations, and real-time latency.

Patient Education and Outcomes

A smaller but growing body of literature suggests that VR-

based tools can aid in patient education, enhancing

understanding of procedures and improving informed

consent. Some studies also report reductions in preoperative

anxiety through immersive VR sessions [20]. Jud et al. also

reported that AR has the potential to serve as a time-efficient,

risk-reducing, and accuracy-enhancing tool in orthopedic

surgery [4]. While their findings primarily emphasize

intraoperative applications, the same principles of enhanced

spatial understanding and visual clarity may be extended to

patient education, where AR can improve comprehension of

anatomical structures, procedural steps, and postoperative

expectations. However, direct correlations between AR/VR

use and improved surgical outcomes (e.g., recovery time,

complication rates) remain poorly studied and warrant

further investigation.

A comparative overview of the reported advantages and

limitations of AR and VR across these four domains is

summarized in Table 1.
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Table 1. Summary of advantages and limitations of AR and VR in knee surgery.

Application Area AR Advantages VR Advantages Shared Limitations

Surgical Training Enhances real-time
anatomical overlay

Immersive, repeatable skill
practice

Limited haptic feedback, high
initial cost

Preoperative Planning 3D visualization of imaging
data

Virtual rehearsal of complex
procedures

Integration into existing
workflows

Intraoperative Assistance
Navigation overlay for
precision Limited application

Limited outcome data,
usability during live
procedures

Patient Education Augmented visuals for
explanation

Interactive simulations for
comprehension

Cost-effectiveness not well
established

AR: Augmented Reality, VR: Virtual Reality

Discussion

Key Findings and Interpretation

This review highlights the growing utility of AR and VR as

adjunctive tools in orthopedic knee surgery, particularly in the

domains of surgical training and preoperative planning.

Collectively, the evidence suggests that immersive

technologies are reshaping the learning curve for trainees

and enhancing visualization for practicing surgeons, albeit

with varying degrees of validation and integration.

VR-based simulators offer a compelling solution to the

challenges of traditional apprenticeship models in orthopedic

training. They provide a safe, repeatable, and feedback-driven

environment that has been shown to improve technical

performance, procedural confidence, and engagement

among trainees [1][2][4][5][13][21][22][23]. Their ability to

simulate procedural environments and provide structured,

repeatable learning experiences makes them particularly

valuable when traditional educational pathways are

interrupted. The COVID-19 pandemic underscored the

vulnerability of subspecialty training, demonstrating that

periods of disruption in surgical education for residents and

practicing surgeons are not only possible but likely in times of

crisis (Figure 2). In such contexts, immersive technologies

like VR simulations offer a resilient alternative by enabling

continuous, remote-access training that is independent of

operating room availability or in-person instruction [24].

VR has emerged as a transformative tool in surgical

education, offering a cost-effective and scalable alternative to

traditional training methods. A study published by Goh et al.

highlights that immersive VR not only enhances the quality of

surgical training but also reduces associated costs.

Compared to conventional bioskills training, VR

demonstrated a greater effect on skill improvement for

surgical trainees at a lower cost [1].

These findings highlight the potential of VR to democratize

surgical education, making high-quality training accessible to

a broader range of learners, regardless of geographical or

financial constraints. Nevertheless, quantifying the clinical

value of these technologies, particularly when integrated with

robotic or other advanced surgical systems, remains an

unmet need. A recent prospective study evaluating

arthroscopic skills among medical students and residents

demonstrated that while both groups improved significantly

in task completion time and movement efficiency, residents

performed faster, with less camera motion and fewer

inadvertent cartilage contacts. Interestingly, students

exhibited steeper learning curves in certain metrics, likely

reflecting their lower baseline experience levels [23]. This

underscores that learning trajectories in VR environments are

influenced by user background, system design, and

procedural complexity. Persistent challenges include the lack

of haptic realism, limited standardization of metrics and high

implementation costs. Notably, few VR platforms have been

incorporated into formal curricula or validated against long-

term clinical outcomes.

Similarly, AR has emerged as a valuable tool in preoperative

planning, enabling patient-specific anatomical visualization

and surgical rehearsal. Studies demonstrate improved spatial

understanding, particularly in procedures with complex bony

alignment, such as osteotomies and total knee arthroplasty

[1][2][12]. Despite these benefits, AR applications face

integration challenges, including hardware limitations,

workflow disruptions, and surgeon adaptation curves.
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Figure 2. Use of VR surgical simulation during the COVID-19 pandemic. With restrictions on in-person clinical exposure and

cadaveric labs, VR platforms allowed trainees to continue developing procedural competencies in a safe, remote-access format,

when traditional resources were unavailable.

While intraoperative applications of AR are promising, their

clinical use is still in its infancy. Technical issues such as

latency, field-of-view constraints, and ergonomic fatigue limit

their reliability in real-time procedures [5]. The use of

immersive technologies in patient education shows potential

but remains underexplored in knee-specific pathways.

Comparison with Prior Research

The findings of this review are consistent with earlier

literature emphasizing the role of AR and VR in orthopedic

training. Prior reviews have focused broadly on

musculoskeletal applications; however, this review

specifically targets knee surgery, where procedural repetition,

precision, and anatomical complexity converge to benefit

most from immersive interventions, by synthesizing evidence

spanning a full decade of research in knee surgery.

A recent meta-analysis by Sun et al. concluded that VR

significantly improves surgical task performance compared

to no training, but its superiority over traditional methods

remains inconclusive [5]. Our review adds depth by focusing

on orthopedic-specific studies and underscores the need for

better-designed comparative trials.

Clinical Implications

For orthopedic educators and surgical departments, AR and

VR offer scalable opportunities to enhance both surgical

training and preoperative planning. However, the adoption of

these technologies should be guided by robust evidence and

a clear understanding of their cost-benefit ratio. Integration

into clinical and educational environments must be strategic

and well-structured to maximize value.

Institutions considering implementation might begin with

pilot programs embedded within existing training modules to

evaluate usability and impact. Collaboration with

multidisciplinary simulation centers can further support the

design, delivery, and refinement of AR/VR-based education.

Additionally, investment should be directed toward platforms

that demonstrate measurable, transferable learning

outcomes that align with existing competency frameworks.

Importantly, AR and VR technologies are best positioned as

adjuncts, not replacements, to traditional surgical mentorship

and direct operative experience. Their role should be to

complement hands-on training by reinforcing anatomical

understanding, procedural planning, and skill acquisition in a

safe, repeatable, and feedback-rich environment.

Limitations

Although this review covers a wide range of literature, the

strength of general conclusions is limited by the

heterogeneity of the studies, by potential selection bias, lack

of quantitative synthesis, and subjectivity in interpreting

themes. Few of the included articles used validated

assessment tools or standardized outcome measures, and
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their designs ranged widely from observational assessments

to pilot simulations. Furthermore, many did not have long-

term follow-up or control groups, which made it difficult to

evaluate long-term clinical impact. It is difficult to make direct

comparisons or extrapolate results from one platform or

procedure to another because of this inconsistency. To

improve the body of evidence supporting immersive

technology in orthopedic surgery, future studies should place

a higher priority on methodological rigor, consistent metrics,

and clinical validation.

Potential Risks and Ethical Considerations

Although AR and VR have the potential to revolutionize

surgical workflows, there are several risks that need to be

considered. One issue is an excessive dependence on

simulation-based learning, which, if not counterbalanced by

operational exposure, may result in a lack of real-world

decision-making experience. Another risk is decontextualized

learning, in which knowledge gained in a virtual environment

might not be entirely applicable to the intricacies of real

surgery. Usability issues have been brought up by user

reports of motion sickness, possible visual strain, and

ergonomic fatigue from extended headset use. Additionally,

platforms that gather user data present cybersecurity and

privacy issues, especially when incorporated into hospital

systems [25]. Fair access to technology across institutions

and geographical areas remains an ethical consideration.

The development and implementation of AR and VR in knee

surgery must be balanced with ethical responsibility. This

includes ensuring that the benefits of these technologies are

realized while minimizing potential risks and respecting the

rights and autonomy of patients. As immersive technologies

continue to evolve, it is crucial to establish clear guidelines

and regulations to govern their use in surgical practice.

Future Directions

As immersive technologies continue to evolve, future

research should prioritize the generation of high-quality

clinical evidence to support their integration into orthopedic

practice. Specifically, randomized controlled trials comparing

AR and VR with conventional training and planning methods

are essential to establish their true effectiveness and cost-

efficiency. These studies should not only assess short-term

technical performance but also evaluate long-term skill

retention and impact on patient outcomes.

In parallel, longitudinal studies tracking the performance of

trainees exposed to immersive simulations could provide

valuable insight into the durability of learning and its

translation into operative competence. Developing

standardized, validated metrics to assess proficiency within

VR and AR environments will also be critical, allowing for

objective benchmarking and comparison across platforms

and institutions.

Cost-effectiveness analyses are equally important to guide

institutional investment, particularly in resource-constrained

settings. These should consider not only the upfront costs of

hardware and software but also the potential return on

investment through reduced training time, improved surgical

accuracy, and enhanced patient safety.

From a technological standpoint, future innovation should

aim to address current limitations in haptic feedback, visual

realism, and device ergonomics. Enhanced tactile fidelity and

more intuitive user interfaces will be key to improving

immersion and adoption, especially in procedures requiring

fine motor control and force modulation.

Finally, collaborative efforts between clinicians, educators,

engineers, and software developers will be vital to ensure that

AR and VR tools are designed with real-world surgical

workflows in mind. By fostering interdisciplinary development

and user-centered design, the orthopedic community can

accelerate the responsible and meaningful integration of

immersive technologies into clinical training and practice.

Conclusions

AR and VR are reshaping the educational and planning

paradigms of knee surgery. VR has shown considerable

promise in enhancing surgical training through immersive

simulation, while AR contributes to improved anatomical

visualization and procedural planning. Despite encouraging

early outcomes, significant barriers—including cost, limited

tactile feedback, and integration challenges—continue to

impede widespread adoption. As the field advances, high-

quality comparative studies and standardized evaluation

tools will be essential to validate these technologies and

facilitate their responsible integration into orthopedic

practice.
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