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Abstract

Virtual reality (VR) has emerged as a transformative innovation in oral and maxillofacial surgery,
revolutionizing surgical planning, education, intraoperative guidance, and postoperative rehabilitation. By
integrating advanced imaging modalities such as CT, CBCT, and MRI, VR enables realistic 3D visualization
of patient-specific anatomy for precise virtual surgical planning and simulation. Immersive training
platforms enhance surgical skills, accuracy, and confidence through repetitive, feedback-driven practice in
risk-free environments. Intraoperatively, VR and mixed reality (MR) systems facilitate real-time navigation,
reducing errors and improving outcomes, while VR-based patient education and distraction therapy
significantly decrease anxiety and enhance satisfaction. Postoperatively, VR-guided rehabilitation and Al-
driven adaptive physiotherapy promote faster and more effective recovery. Overall, VR serves as a powerful
complementary tool that enhances precision, safety, and patient-centered care across the entire surgical
continuum in oral and maxillofacial practice.

Keywords: Virtual reality, Oral and maxillofacial surgery, Surgical simulation, Patient rehabilitation,
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Introduction

Technological innovations have profoundly transformed oral and maxillofacial surgery, advancing from
basic digital imaging to sophisticated simulation technologies, immersive environments, and intelligent
surgical planning systems that enable more precise, efficient, and patient-centered care.! The integration of
advanced imaging modalities, artificial intelligence (AI), robotics, and 3D printing has revolutionized
diagnostics and therapeutic approaches, facilitating patient-specific implant design, customized prostheses,
and virtual surgical planning (VSP) for accurate treatment simulations.? These developments have improved
surgical accuracy, reduced operative times, and enhanced outcomes by allowing detailed anatomical
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visualization and procedural rehearsal before actual surgery. The evolution from traditional two-dimensional
(2D) radiographs to three-dimensional (3D) imaging through cone beam computed tomography (CBCT)
marked a significant leap, providing volumetric insights that refined diagnosis and surgical planning.?
Building on this, virtual reality (VR), augmented reality (AR), and mixed reality (MR) have emerged as
transformative tools: VR creates fully immersive environments for realistic surgical simulations and
training; AR overlays digital data onto the real world for guided procedures; and MR integrates both realms,
enabling interaction between physical and virtual elements for enhanced planning and intraoperative
navigation.* Among these, VR has gained prominence in oral surgical procedures for its ability to simulate
complex operations such as osteotomies, implant placements, and soft tissue surgeries in a risk-free, realistic
setting that enhances skill acquisition and clinical confidence. VR-based training platforms provide
repetitive practice with real-time feedback, significantly improving precision, reducing errors, and
accelerating the learning curve for both students and residents.® Beyond technical competence, VR serves
as an effective adjunct for patient care by reducing anxiety, fear, and pain through immersive distraction
therapies that lower physiological stress responses, thus improving cooperation and comfort during
procedures. Furthermore, VR supports detailed surgical planning by allowing surgeons to explore 3D
reconstructions of patient anatomy, optimize implant positioning, and anticipate intraoperative challenges,
while emerging MR systems extend this functionality into real-time navigation.® In education, VR facilitates
remote learning and global collaboration, allowing learners to virtually observe or participate in surgical
procedures, while also fostering empathy by enabling clinicians to experience scenarios from the patient’s
perspective.’

Review of literature

Casap et al. (2011) demonstrated that the use of VR navigation systems in dental implantation training
improved the accuracy of implant site marking, although the overall value compared to traditional freehand
methods remained modest, emphasizing the importance of a balanced integration of both approaches.®
Similarly, Suebnukarn et al. (2012) integrated VR with cone-beam computed tomography (CBCT) data for
endodontic microsurgery training, reporting significantly improved surgical competency and precision,
suggesting that VR-assisted practice could enhance safety and efficiency in dental education.’ Pulijala et al.
(2018) evaluated immersive virtual reality (iVR) using Oculus Rift and Leap Motion for orthognathic
surgery training and found that participants exposed to 1IVR demonstrated greater self-confidence and
cognitive skill enhancement compared to conventional learning methods.® Sytek et al. (2021) compared 2D,
3D, and VR simulation modalities for orthodontic and orthognathic surgery planning among graduate
residents, finding that VR and 3D simulations allowed better visualization and engagement, though they
required longer completion times and had an associated learning curve.’ Vincent et al. (2022) further
validated the educational potential of VR by using the Virteasy® haptic simulator for dental implantation
training, revealing that virtual aids significantly improved procedural accuracy, safety, and learning
efficiency through tactile feedback and repeated practice.!® Wan et al. (2024) extended these findings to
surgical education, showing that fifth-year medical students trained with iVR systems achieved higher
assessment scores, greater accuracy, and faster completion times compared to those trained with traditional
manuals and videos, reinforcing VR’s capacity to enhance surgical proficiency.!! In parallel, Yari et al.
(2024) explored AR-based learning using augmented reality books for teaching local anesthesia,
demonstrating improved concentration, practical skill acquisition, and reduced procedural times,
underscoring AR’s potential to enhance engagement and retention in dental education.'> Complementing
these empirical studies, Andrade et al. (2024) and Dhane et al. (2024) highlighted the clinical applications
of immersive technologies, noting that VR-based virtual planning using CT and 3D models optimizes
preoperative strategy, while AR-assisted intraoperative navigation enhances visualization of critical
structures and tumor margins.!>!* Moon (2022) emphasized the broader educational and interdisciplinary
benefits, including improved communication, decision-making, and teamwork among surgical teams.
Despite these advances, challenges remain particularly concerning cost, accessibility, standardization of
training protocols, and the limited tactile realism of current systems. Moreover, while VR has shown
promise in reducing patient anxiety and enhancing the preoperative experience through immersive
distraction techniques, its full therapeutic potential in patient care requires further validation. '
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Technological Evolution and Integration of Virtual Reality in Oral and Surgical Simulation

The integration of Virtual Reality (VR) technology into oral and maxillofacial surgical simulation has
revolutionized both education and clinical practice by merging advanced hardware, haptic systems, and
intelligent software for immersive, precise, and interactive experiences. Modern VR systems typically
comprise high-resolution headsets such as the Oculus (Meta Quest) and HTC Vive, which provide
stereoscopic displays and motion tracking for full immersion, while haptic feedback devices simulate tactile
sensations like tissue resistance or bone density, enabling users to “feel” surgical procedures virtually.'®
These systems are complemented by sophisticated tracking technologies optical sensors, cameras, and base
stations that ensure real-time synchronization between user movement and the virtual environment.
Software platforms such as SimX, Romexis VR, and VirtaMed, along with CAD/CAM-integrated tools like
Nobel Bioguide and Implant 3D, utilize CBCT and DICOM data to create patient-specific simulations for
treatment planning, surgical rehearsal, and education.!” The level of immersion varies from non-immersive
desktop-based environments to semi-immersive simulator rooms and fully immersive headset-based
experiences that allow users to operate entirely within a digital 3D anatomical space. Integration with
advanced imaging modalities such as CT, CBCT, and MRI facilitates the import and manipulation of
volumetric patient data, enhancing spatial awareness and surgical accuracy during preoperative planning,
implant placement, and intraoperative navigation.'® Historically, the conceptual foundation of VR was laid
by Ivan Sutherland’s “Ultimate Display” in 1965, but it was not until the late 1990s that AR and VR began
gaining momentum in dental education with the advent of powerful computing and 3D modeling
capabilities. Early applications focused on anatomy visualization and basic procedural training, evolving
into highly realistic, interactive surgical simulations that now form an essential part of modern dental
curricula.!” Over the past two decades, major technological advancements particularly in haptic feedback
and real-time augmented visualization have elevated VR from a learning aid to a critical clinical tool.
Augmented reality, too, has advanced concurrently, projecting real-time anatomical data and implant
positioning directly into the surgeon’s field of view, thereby increasing accuracy and reducing procedural
errors. As AR and VR technologies continue to evolve, their integration promises to further refine surgical
precision, enhance training outcomes, and promote safer, individualized patient care in a risk-free virtual
setting*

Virtual Reality in Enhancing Precision, Training, and Patient-Centered Outcomes

Virtual reality (VR) and virtual surgical planning have revolutionized preoperative preparation, education,
and training in oral and maxillofacial surgery, enabling patient-specific, precise, and reproducible outcomes.
Through volumetric integration of CT, CBCT, and MRI datasets, VR platforms generate highly detailed,
interactive 3D reconstructions of craniofacial anatomy and pathology, allowing surgeons to manipulate,
segment, and analyze structures for optimal surgical mapping and evaluation.’! These immersive
simulations facilitate precise planning of dental implant placement, orthognathic procedures, and tumor
resections by virtually performing osteotomies, aligning jaws, and delineating resection margins before the
actual surgery. Advanced planning software such as ProPlan CMF, Dolphin, Romexis, SimPlant, and
Maxilim seamlessly integrates with CAD/CAM systems, enabling the export of customized digital models
for 3D printing of surgical guides, splints, and patient-specific implants that translate preoperative
simulations into intraoperative precision, reducing operative time and potential complications.?? In the realm
of education and training, VR-based modules offer an immersive, risk-free environment for dental students
and surgical residents to repeatedly practice complex procedures such as osteotomies and implant
placements while receiving real-time feedback on performance metrics like accuracy, time, and error rates.?’
Compared to cadaveric or mannequin-based training, VR provides repeatable, standardized, and interactive
learning experiences that significantly enhance hand-eye coordination, spatial reasoning, and confidence.
Systems such as Touch Surgery and Voxel-Man exemplify validated platforms used to simulate oral and
maxillofacial procedures with high anatomical fidelity and integrated performance tracking.?*
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Intraoperative Assistance Applications of Virtual Reality in Oral and Maxillofacial Surgery

Virtual and mixed reality (VR/MR) technologies are redefining intraoperative precision and patient
management in oral and maxillofacial surgery by seamlessly integrating digital surgical planning with real-
time operative execution and immersive patient engagement. Intraoperatively, VR and MR interfaces enable
surgeons to visualize complex craniofacial anatomy through real-time overlays of preoperative 3D virtual
models directly onto the operative field, enhancing spatial awareness and accuracy during procedures such
as dental implant placement, orthognathic corrections, and tumor resections.?> Advanced optical tracking
and dynamic navigation systems provide continuous, high-precision feedback, allowing surgeons to align
intraoperative movements with preplanned trajectories and anatomical references, thereby minimizing
deviations and improving surgical control. Mixed reality headsets project essential anatomical landmarks,
resection planes, and spatial orientation cues into the surgeon’s field of vision, effectively merging digital
and real-world views to guide precise localization and safeguard critical structures.?® Studies demonstrate
that such technologies achieve sub-2 mm accuracy in craniofacial and implant navigation, significantly
reducing intraoperative errors, operative time, and the risk of iatrogenic injury while enhancing
intraoperative decision-making. Beyond the operating room, VR is also transforming patient care through
immersive preoperative education and anxiety management. VR-based consultation tools allow patients to
explore personalized 3D visualizations of their anatomy and planned surgical interventions, improving
comprehension, trust, and informed consent while setting realistic expectations. Additionally, VR distraction
therapy using calming virtual environments or interactive games has proven effective in reducing anxiety,
perceived pain, and physiological stress during minor oral surgical procedures, particularly benefiting
pediatric and phobic patients.?’

Rehabilitation and Postoperative Care Using Virtual Reality in Oral and Maxillofacial Surgery

Virtual reality (VR) technologies are redefining postoperative rehabilitation and recovery in oral and
maxillofacial surgery, particularly after temporomandibular joint (TMJ) and orthognathic procedures, by
delivering interactive, adaptive, and accessible physiotherapy solutions. Immersive VR systems guide
patients through controlled jaw movements and muscle exercises in engaging virtual environments, helping
to reduce stiffness, restore mobility, and promote functional recovery.”® Real-time visual and auditory
feedback reinforces correct motion patterns and improves patient adherence to prescribed regimens, while
VR-assisted educational modules allow both clinicians and patients to better understand surgical outcomes
and rehabilitation goals. Gamified VR exercises further enhance motivation and participation, transforming
often monotonous physiotherapy into an interactive and rewarding experience that accelerates healing and
strengthens patient commitment to recovery.”’ The integration of artificial intelligence (AI) within VR
systems enables adaptive rehabilitation by dynamically adjusting exercise difficulty and intensity based on
individual performance metrics, while also tracking progress, predicting complications, and personalizing
therapy for optimal safety and effectiveness. Expanding beyond standalone use, hybrid environments that
combine VR with augmented reality (AR) and mixed reality (MR) extend support across the entire surgical
continuum from preoperative simulations and intraoperative guidance to postoperative recovery by
overlaying real-time anatomical and movement cues to ensure accurate exercise execution. Additionally,
cloud-based VR platforms facilitate tele-rehabilitation and remote monitoring, empowering clinicians to
deliver personalized therapy and collaborate on postoperative management from any location.*

Conclusion

In conclusion, virtual reality has emerged as a transformative adjunct in oral and maxillofacial surgery,
enhancing precision, anatomical visualization, and long-term efficiency. It provides safer, reproducible
training and significantly reduces patient anxiety through immersive education and engagement. By
improving both clinical accuracy and learning outcomes, VR bridges the gap between simulation and
surgery. Ultimately, it should be viewed as a powerful complementary tool that augments, rather than
replaces, conventional surgical practice.
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