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1. Abstract

The integration of robotic systems into oral surgery and dental implantology represents the next frontier in precision medicine.
Unlike traditional freehand techniques that rely on the surgeon’s tactile sense and visual estimation, robotic-assisted platforms offer
sub-millimetric accuracy, real-time navigation, and haptic feedback. This article examines the current state and future trajectory of
robotic applications in maxillofacial surgery, implant placement, bone augmentation, and third molar extraction. Key systems
including Yomi, Da Vinci (adapted for oral procedures), and emerging autonomous robots are analyzed. The article also explores
next-generation innovations such as image-guided autonomous drilling, robotic bone contouring, and tele-robotic surgery for remote
populations. Clinical outcomes, learning curves, cost-effectiveness, and barriers to adoption are critically reviewed. Finally, the role
of artificial intelligence in planning and intraoperative adaptation is discussed as the cornerstone of future “closed-loop” robotic
surgery. The conclusion envisions a paradigm where robotic assistance becomes standard for complex oral surgical procedures,
improving patient safety and prosthetic outcomes while preserving the surgeon’s supervisory role.

cannot adjust for unexpected bone density changes or patient
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Robotic surgery overcomes these limitations by combining

3. Introduction

Oral surgery and implantology demand extraordinary
precision. The margin of error in placing a dental implant
adjacent to the inferior alveolar nerve or in preparing a bony
window for sinus augmentation is often less than one
millimeter. Traditional freehand surgery, even with extensive
experience, yields average angular deviations of 4-6 degrees
and positional errors of 1.0-1.5 mm. While static surgical
guides (3D-printed templates) improved accuracy, they lack
real-time adaptability once the guide is seated, the surgeon

pre-operative planning with intraoperative navigation and
active constraint. Unlike passive navigation systems that only
display instrument position on a screen, robotic systems
physically guide or restrict the surgeon’s hand (haptic
feedback) or, in advanced forms, execute autonomous
movements under supervision [22-33].

This article focuses on robotic applications specifically in
oral surgery (extractions, apicoectomies, bone grafting) and
implantology (implant placement, guided bone regeneration,
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sinus lifts). The “next generation” is defined by three trends:
1) increased autonomy from assistance to supervised
automation; 2) integration of artificial intelligence for
adaptive planning, and 3) miniaturization of robotic arms for
intraoral access.

4. Historical Evolution and Current Robotic

Platforms

4.1. From navigation to haptic guidance

The evolution of surgical assistance in dentistry can be

categorized into three generations:

e First generation (2000-2015): Static CAD/CAM
surgical guides. High accuracy but no real-time feedback
[34-40].

e Second generation (2015-2020): Optical navigation
systems (e.g., Navident, X-Guide). The screen shows
instrument position relative to the plan, but the surgeon
maintains full manual control.

e Third generation (2020-present): Robotic haptic
guidance and semi-autonomous systems. The robot
actively resists deviation from the planned path [41-56].

4.2. The yomi system (Neocis, USA)

Yomi remains the most widely adopted dental robotic system
with FDA clearance for implant surgery. The system consists
of a robotic arm mounted to the patient chair, a haptic
handpiece, and planning software. During surgery, the
surgeon holds the handpiece and attempts to drill; if the drill
deviates from the planned angle or depth, the robot applies
resistive force (up to several Newtons). This "virtual fixture"
prevents iatrogenic damage without taking full control from
the surgeon [57-79].

Clinical data: A multicenter study (2023, n = 412 implants)
comparing Yomi-assisted versus freehand placement found:

Parameter Freehand Yomi-assisted p-value

Angular deviation (°) 5.2+ 2.1 1.8 £ 0.7 <0.001

Coronal positional error (mm) 1.1 + 0.5 0.4 + 0.2 <0.001
Apical positional error (mm) 1.3 £ 0.6 0.5 £ 0.3 <0.001
Nerve injury rate (%) 1.2 0.0 0.04

4.3 Other platforms

e Da Vinci Surgical System (Intuitive Surgical): Used in
oral and maxillofacial surgery for tumor resections,
mandibular reconstruction, and cleft palate repair. Its
wristed instruments allow microsuturing in the narrow
oral cavity. However, cost (~$2 million) and size limit
dental applications [80-94].

e Robotic Dental System (RDS): A Korean-developed
system for autonomous implant drilling currently under
clinical trials. Unlike Yomi, RDS performs the drilling
sequence automatically after the surgeon presses a start
button, with emergency stop capability.

5. Robotic Applications in Oral Surgery

Beyond Implants

5.1. Third molar (Wisdom Tooth) extraction

Extracting impacted mandibular third molars risks damaging
the inferior alveolar nerve (IAN). Robotic systems using
CBCT-derived 3D maps can guide the surgical bur to section
the tooth precisely while maintaining a 2 mm safety margin
from the IAN canal. Early case series (n=28) reported no
temporary or permanent paresthesia compared to a 4% rate in
matched freehand controls. Additionally, robotic guidance
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reduces the amount of bone removed, lowering postoperative
pain and dry socket incidence [95-109].

5.2. Apicoectomy (endodontic microsurgery)

Apicoectomy requires resecting the root tip (usually 3 mm)
and placing a retrograde filling. The field is small (2-3 cm),
and adjacent structures include the mental nerve, maxillary
sinus, and adjacent tooth roots. Robotic systems integrated
with surgical microscopes can overlay the pre-operative plan
onto the live view, guiding the ultrasonic tip to the exact root
tip location. Studies show robotic-assisted apicoectomy
reduces average operative time from 45 to 28 minutes and
improves retrograde filling quality (no voids on CBCT) from
72% to 94% [110-121].

5.3. Mandibular reconstruction after tumor resection

For patients with oral cancer requiring segmental

mandibulectomy, reconstructive surgery with a free fibula

flap is standard. Robotic systems assist in:

e Cutting guide fabrication: Robots mill patient-specific
plates that perfectly fit the residual mandible.

e Fibula shaping: Robotic arms with saws cut the fibula
into segments matching the mandibular curvature,
preserving periosteal blood supply better than freehand
cuts.

e Microvascular anastomosis: Robotically assisted
suturing of arteries and veins (0.3-0.5 mm diameter)
achieves patency rates >95% [122-135].

5.4. Orthognathic surgery (Jaw Correction)

Le Fort | osteotomies (maxilla) and bilateral sagittal split
osteotomies (mandible) involve cutting facial bones and
repositioning them. Robotic systems equipped with
piezoelectric cutting tools produce narrower kerfs (0.3 mm
vs. 1.5 mm for rotary burs) and lower risk of damaging tooth
roots or the IAN. Postoperative swelling and neurosensory
disturbance are reduced [136-149].

6. The Next Generation: Autonomous and Al-

Integrated Robotic Surgery

6.1. From haptic guidance to autonomous execution

The next generation moves from “surgeon-controlled with
constraints” to “supervised autonomous”.

In this model:

e Pre-operative Al plans the optimal osteotomy or implant
trajectory using CBCT, intraoral scan, and prosthetic
data.

e The robot performs the bone preparation autonomously,
with optical tracking monitoring patient movement (<0.1
mm displacement triggers pause).

e The surgeon supervises via a touchscreen interface,
ready to hit an emergency stop [150-167].

Pilot data: An autonomous robot (Robodent, preclinical)
placed 40 implants in cadaver mandibles. Mean angular
deviation was 0.9° (SD 0.3°), significantly better than both
freehand and Yomi-assisted. No collisions with adjacent teeth
or nerves occurred [168-179].

6.2. Al-driven intraoperative adaptation

Current systems execute a static plan created before surgery.
However, bone density varies, and unexpected fissures or air
cells (e.g., in the sinus) may appear only during drilling.
Next-generation systems use real-time sensing:
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e Optical coherence tomography (OCT) or ultrasound at
the drill tip measures bone mineral density.

e Al algorithms adjust drilling speed, irrigation flow, and
final depth on the fly to prevent overheating or
perforation.

For example, if the drill encounters unexpectedly dense
(sclerotic) bone, the robot increases torque and reduces feed
rate automatically, then updates the 3D model to ensure the
implant reaches planned depth without excess force.

6.3. Tele-Robotic surgery

Combining robotics with low-latency 5G/6G networks
enables remote oral surgery. A specialist in a university
hospital can control a robotic arm in a rural clinic 200 km
away. The system provides haptic feedback to the remote
surgeon (feeling bone density) and visual overlays. Legal and
licensure barriers remain, but technical feasibility has been
demonstrated in animal models (porcine mandibles) with
latency <50 ms.

7. Robotic Bone Augmentation and Sinus

Lifting

7.1. Guided bone regeneration (GBR)

Horizontal and vertical ridge deficiencies often require bone

grafting before implant placement. Robotic systems can:

e Score the cortical bone to induce bleeding (decorication)
with consistent depth (1 mm £ 0.1 mm) across the entire
graft site.

e Shape the graft block (autogenous or allograft) to fit the
defect precisely using a robotic milling arm.

e Place fixation screws with controlled torque, reducing
screw stripping or over-compression of the graft [180-
186].

7.2. Sinus lift (Maxillary Sinus Augmentation)

The lateral window sinus lift involves cutting a bony window
in the lateral maxillary wall, elevating the Schneiderian
membrane without tearing it, and packing bone graft. Robotic
guidance reduces membrane perforation from ~20%
(freehand) to ~5% (robot-assisted). The robot maintains the
piezoelectric bur at a constant angle (e.g., 30° to the occlusal
plane) and depth (just through cortical bone, not into the
membrane). Future autonomous robots may perform the
entire membrane elevation using soft-tissue-safe irrigation
pressure without direct instrument contact [187-196].

8. Clinical Outcomes and Evidence Synthesis
A 2025 systematic review and meta-analysis (14 studies,
1,247 implants) compared robotic-assisted vs. freehand
implant placement:

Outcome Robotic Freehand Effect size

Angular deviation (degrees) 1.9 (95% CI: 1.5-2.3) 5.1 (4.2-
6.0) p <0.001

Prosthetic complications (screw loosening, fracture) 2.1%
6.8% RR =0.31

Surgical time per implant (minutes) 8.2 (7.1-9.3) 6.5 (5.4 -
7.6) +1.7 min*

Post-op pain (VAS 0-10, day 1) 2.1 3.4 p = 0.002

*Although robotic surgery took 26% longer per implant, the
improved accuracy reduced prosthetic complications and
saved time in the restorative phase.
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For oral surgery (extractions, apicoectomies, osteotomies),
the evidence is less abundant but consistently shows fewer
complications (nerve injury, sinus perforation) at the cost of
increased setup time (10-15 minutes for registration).

9. Barriers to Widespread Adoption

9.1. Cost and return on investment

A complete robotic system for implantology costs $200,000—
$500,000 plus annual maintenance ($15,000-$30,000). For a
clinic placing 200 implants annually, the added cost per
implant is $1,000-$1,500 (excluding disposables). Without
insurance reimbursement specifically for robotic assistance
(most codes reimburse the same as freehand), the business
case is challenging except in high-volume or premium-
practice settings [197-199].

9.2. Learning curve

Although robotics is intended to reduce reliance on manual
skill, surgeons new to the system face a learning curve of 20—
30 cases to achieve optimal efficiency. During this period,
operative time is significantly longer. Simulation-based
training modules are being developed to flatten the curve.

9.3. Space and workflow integration

Robotic arms require a clear sterile field and dedicated
positioning relative to the patient’s head. Many existing
dental chairs lack the mounting interfaces or floor space.
Retrofitting is possible but adds $20,000-$50,000 per
operatory.

9.4. Medico-legal concerns

If a robot causes nerve injury, is the liability with the
manufacturer (design defect), the surgeon (failure to
supervise), or both? Current case law is minimal. Some
experts propose “extended liability" models where the
manufacturer assumes responsibility when the robot operates
autonomously, similar to autonomous vehicle regulations.

9.5. Patient acceptance

Surveys indicate 65% of patients would accept robot-assisted
oral surgery if told it improves accuracy, but 20% express
"fear of machines" or distrust of automation. Transparent
informed consent and demonstrating surgeon oversight are
essential.

10. Future Innovations on the Horizon (2026-

2035)

10.1. Miniaturized Intraoral Robots

Current robots manipulate a handpiece extraorally. Next-
generation “micro-robots” will fit entirely inside the mouth.
These tentacle-like devices (inspired by surgical endoscopes)
enter through a small access incision and perform tasks such
as: removing a fractured instrument from a root canal,
debriding an osteotomy site, or delivering bone
morphogenetic protein precisely to a defect [200-205].

10.2. Autonomous soft tissue robotics

Oral surgery often requires incisions and suturing tasks
demanding tissue handling that current rigid robots struggle
with. Newer robots with force-sensing wrists can measure
tissue tension and adjust grasp force to avoid crushing.
Suturing speed (6-8 knots per minute) approaches but does
not yet exceed experienced human surgeons.

10.3. Al-Driven complication prediction
Before making the first cut, Al will integrate patient-specific
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data (medical history, medications, anatomy variants) to
predict individual risks: “This patient has a 12% probability
of IAN exposure during third molar extraction; recommend
robotic assistance and pre-operative corticosteroid”. The
robot would then modify its plan to avoid the nerve by an
extra 0.5 mm margin.

10.4. Regenerative robotics

Combining robotics with 3D bioprinting, a future robot
could: 1) scan a jaw defect; 2) print a scaffold seeded with
the patient’s own stem cells; 3) surgically place the scaffold,
and 4) secure it with robotic suturing. Early proof-of-concept
exists for calvarial defects in animal models [206-209].

10.5. Haptic training simulators for residents

Before operating on patients, oral surgery residents will
practice on robotic simulators that replicate real bone density,
bleeding, and patient movement. The simulator records
metrics (force, accuracy, time) and provides automated
feedback using Al to identify specific skill deficiencies (e.g.,
“Your wrist angle during sinus membrane elevation exceeds
safe limits”) [210-212].

11. Conclusion

Robotics is not a distant promise but a current reality in oral
surgery and implantology, with systems like Yomi achieving
superior accuracy in implant placement and reducing
complications in procedures ranging from third molar
extraction to mandibular reconstruction. The next generation
characterized by autonomous execution, Al-driven
intraoperative adaptation, and tele-robotic networks will
further expand access to high-precision surgery while shifting
the surgeon’s role from manual operator to supervisory
strategist.

However, adoption remains limited by cost, training
requirements, and regulatory uncertainty. For the technology
to fulfill its potential, dental schools must incorporate
robotics into curricula, manufacturers must demonstrate long-
term cost-effectiveness (e.g., lower revision surgery rates),
and professional bodies must establish clear guidelines for
liability and ethical use.

Ultimately, the robot will not replace the oral surgeon. The
empathetic clinician who communicates risks, obtains
consent, manages complications, and makes final decisions
remains irreplaceable. But the surgeon who embraces
robotics will outperform the surgeon who does not not
because the robot is better alone, but because the human
robot team is better than either alone. The next generation of
dentistry will be defined by this partnership, delivering safer,
more predictable, and less invasive care to patients
worldwide.
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