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Abstract

Dental implants arguably have become the preferred treatment modality for replacing missing teeth. The success of implants, however, depends on the
precision of the implant placement to effectively support prosthetic restorations. With the evolution of static surgical guides, implant dentistry science has
taken enormous strides toward ensuring accurate placement of dental implant fixtures, yet emerging digital protocols show the potential for dynamic real-
time clinical support to the operator. Robotic-assisted dental surgery (RADS) is a novel form of dynamic surgical guidance that, in addition to visual
navigation, offers haptic guidance for implant treatment planning, osteotomy preparation, and implant placement. This article discusses RADS and includes
a case study that, to the authors’ knowledge, is the first report of a robotic-assisted dental procedure with quantitative accuracy analysis for prosthetically
driven planning and immediate placement of a single-tooth replacement.

The pursuit of prosthodontic precision continues to drive the emergence of increasingly digital protocols for surgical implant placement. Indeed, as the accuracy of
surgical implant placement has been shown to greatly influence prosthetic results, the precision afforded by a range of digitally based guidance technologies has
been credited with enabling restoratively optimized dental implant procedures.w'4 Stereolithographic static guides are perhaps the prevalent form of surgical
guidance for implants.® Their clinical use, however, can be limited by both manufacturing and positioning errors, as well as by fracture and fabrication time, thus
potentially increasing time to treat a patient. Moreover, static guides do not permit real-time changes to the treatment plan in response to surgical conditions while
still providing guidance to the clinician.5°

Unlike the fixed protocols dictated by static stereolithographic resin or laser-sintered metal surgical guides, digital capabilities have emerged that allow dynamic
intraoperative adjustments.“'13 The first available dynamic systems provided "navigation," characterized by real-time visual feedback. With navigation, the operator
manually matches the current position of a drill intraorally with the plan model derived from cone-beam computed tomography (CBCT) scans of the patient, and this
is viewed on a monitor.'® Navigation systems provide information on drill deviation with respect to position or depth; however, unlike with static guides, there is no
physical prevention against excursions from the prescribed treatment plan. Therefore, navigation may still be considered an augmented "freehand" approach that is
dependent ultimately on the fine motor skill of the operator.'?'3

A new class of surgical dental technology, robotic-assisted dental surgery (RADS), offers intriguing novel functionalities. One of these is the concept that, in addition
to providing the auditory and visual inputs of navigation, RADS is capable of providing physical guidance through haptic feedback. Robotic haptics function by
providing directional and proportional guidance forces and constraining instrumentation trajectory in accordance with the prescribed surgical plan.

Historic Perspective: Robotic Assistance in Medical Surgery

Digital surgery in the hospital setting has a long history, beginning with diagnostic imaging innovations that enabled the development of minimally invasive surgical
techniques, including endoscopic, laparoscopic, and arthroscopic surgery,* and osteotomy surgical guides for orthopedic procedures. Digital technology also
facilitated intraoperative navigation, and eventually robotic-assisted surgery emerged.15 Robotic surgery gathered significant momentum in 2000 with the Food and
Drug Administration clearance of the da Vinci® robotic system (Intuitive Surgical, davincisurgery.com) in the United States.'® As of today, more than 5,000 surgical
robots are in use at hospitals around the world."® Millions of robotic-assisted surgeries have been performed, across the fields of urology, gynecology, general
surgery, orthopedics, neurology, otolaryngology, thoracic surgery, bariatric surgery, and colorectal surgery.'5-%?

Surgical robotics addressing different clinical needs utilize various approaches to augmenting surgical technique. Robotic systems addressing hard-tissue
procedures, such as hip and knee arthroplasty and placement of spine pedicle screws, tend to function as assistive guides, ensuring that surgeon-initiated actions
conform to the preoperative digital plan.?"2 |n these systems, robotic haptics provide real-time guidance via soft or firm resistance that physically prevents deviation
from the plan. Robotic haptic guidance of orthopedic procedures has been reported to enable minimally invasive techniques and has been associated with greater
surgical accuracy, minimal tissue trauma, and early functional recovery. 71823

Introduction of Robotics Into Dental Surgery

Digital dental implant surgery likewise has developed to improve patient outcomes through the use of enhanced diagnostic imaging, treatment planning software,
and assistive surgical systems. Utilization of CBCT has enabled clinical use of static surgical guides and dynamic camera navigation with the goal of attaining
accurate, precise, minimally invasive treatment through surgical insights and intraoperative control.

With respect to static surgical guides, CAD/CAM is the means through which the physical guide is generated for use during the drilling sequence and, depending on
the manufacturer, to guide the placement of the implants. However, production of surgical guides, whether in-house or by outside laboratories, can delay surgery,
and production may need to be repeated if an error or poor fit results. Additionally, guides can break in use, do not permit intraoperative adjustments or allow the
operator to assess the soft-tissue type beneath the guide, and may impede irrigation during the osteotomy preparation.®24 Finally, static guides may be difficult to
use in situations when patients cannot open their mouths wide enough to prevent drill head interference on opposing teeth.

Camera navigation systems, also known as dynamic navigation, provide real-time visual information via a visual display of the position of the drill or implant on a
monitor with respect to the surgical plan on the patient's CBCT image. In addition, by avoiding fixed (static) guidance, dynamic systems facilitate same-day
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treatment, avert the risks of broken or inaccurate guides, allow for identification of keratinized tissue at the time of implant osteotomy preparation, and enable
irrigation at the surgical site during preparation of the implant osteotomy.

Furthermore, dynamic navigation allows the surgeon to change the plan during the surgery should unexpected intraoperative conditions arise.>'3 However, camera
navigation does not physically prevent the surgeon from deviating from the proposed surgical plan or moving beyond the planned depth. Accordingly, the surgeon
must watch the monitor rather than the surgical field to ensure the osteotomy and implant placement is proceeding according to plan. Moreover, because camera
navigation systems typically use infrared or visible light to track the drill relative to the patient, each aspect of the procedure must remain within the line of sight of

the stereoscopic camera, and communication errors may occur during the procedure. '3

Dynamic surgical guidance arrived in dental implant surgery with the clearance of the first robotic-assisted dental surgery system in 2016.2% As with orthopedic
robotic assistance, RADS provides physical haptic guidance that inhibits the surgeon from deviating from the planned implant angulation, location, and depth.
Robotic assistance in dental implant surgery potentially offers the promise of combining the advantage of the physical security of static guides with the flexibility and
spontaneity of image-based dynamic navigation. A digital robotic-assisted workflow may mitigate the potential for inaccuracies introduced during the production and
fitting of a physical guide and allow patients to be treated with same-day guided surgery, while permitting plan modifications during the procedure. At the same time,
RADS haptic guidance potentially lets the surgical team focus on the surgical site during the procedure instead of a computer monitor.

In the RADS system used by the authors, the robotic haptic feedback has been designed such that unintentional movement that deviates from the CBCT-based plan
is either met with a feeling of resistance or prevented, depending on the stage of the procedure. The system restricts handpiece movement once the handpiece is in
the appropriate position in terms of both bodily position and angulation, and prohibits further deeper movement or penetration when the operator drills to depth. The
digital nature of RADS haptic guidance allows for same-day guided surgery when indicated and for adjustments to the plan in response to intraoperative decisions.
The haptic-based guidance is also designed to allow the surgeon to retain visualization on the anatomy, as opposed to the monitor-based guidance of navigation-
only systems.

The following case study outlines a RADS procedure for the prosthetically driven planning and immediate placement of a single-tooth replacement. It includes an
analysis of accuracy to the plan.

Case Report

A 64-year-old man presented with a nonrestorable lower left bicuspid (tooth No. 21) whose apex was in proximity to the patient's mental nerve. When assessing
whether or not this patient was a candidate for implant placement immediately after extraction, the risk to the mental nerve from the drills tracking down the root
socket was a consideration. A RADS approach was recommended to the patient, which would allow for same-day guided surgery to mitigate risk of drill deviation
while permitting adjustments to the plan as needed subsequent to the extraction.

The surgical intervention was planned on the same day as the surgery using digital imaging and communication in medicine (DICOM) files from a CBCT scan of the
patient. An intraoral splint was mechanically retained on the patient's stable dentition using hard-locking dental material and monitored for proper fixation. A fiducial
array was affixed to the intraoral splint during CBCT scanning to allow for eventual registration of the patient location (Figure 1). Using 3D graphics and 2D cross-

®
sections in the RADS planning software (Yomi -Enabled Surgery, Neocis, Inc., neocis.com), the surgeon virtually optimized the depth and future insertion axis of the

®
4.1-mm x 10-mm dental implant (SLA~ Bone Level, Straumann, straumann.com). The existing tooth was used as a relative guide for restorative-driven planning
(Figure 2).

The surgical procedure proceeded with the patient receiving intravenous sedation. Local anesthesia was then administered to the surgical area. Tooth No. 21 was
atraumatically extracted. A robotic guidance arm, which held the drill, was then positioned over the patient (Figure 3). A patient tracker arm of the surgery system
was attached to the intraoral splint to provide real-time updates on the patient's position throughout the procedure. If the patient moved during the surgical
procedure, the RADS system would respond by altering the prescribed surgical cutting angle and position to accommodate the movement.

Prior to drilling the osteotomy, a landmark point on the patient scan was verified against direct visualization by placing the drill tip on the chosen anatomical
landmark. Surgery proceeded under RADS guidance, in the form of auditory feedback (ie, mode-change and warning beeps) and haptic feedback (ie, resistance to
drill motion) as well as visual guidance via a monitor (ie, navigation). To initiate the osteotomy, a 2.3-mm round drill was placed in the robotic guidance arm. As per
the implant manufacturer's recommendations, three subsequent drills were used to perform the osteotomy in the prescribed location and angulation (Figure 4 and
Figure 5). Implant placement was also achieved with the RADS system (Figure 6 and Figure 7).

®
The implant was hand-torqued to secure primary stability. A 6-mm x 4-mm healing abutment (Regular CrossFit , Straumann) was placed and the site grafted with

®
particulate cancellous demineralized bovine xenograft material (Bio-Oss , Geistlich Biomaterials, dental.geistlich-na.com). The flap was reapproximated around the
healing abutment with 3-0 plain chromic gut suture in an interrupted manner, and the splint was removed from the patient's dentition.

A mathematical algorithm was implemented to analyze the deviation between the planned (Figure 2) and actual implant placement (Figure 8). Implant placement
versus the plan was evaluated using an automated superimposition of the preoperative plan and the postoperative CBCT plan. In line with methodologies advised in
the International Team for Implantology (ITl) consensus reports,® the algorithm assessed deviation between the planned and actual implant placement in terms of
coronal and apical depth, lateral, and global deviations, as well as angular deviation. Results from this RADS case (Table 1) were comparable to those calculated in
the ITI consensus meta-analysis of surgical guide accuracy, which reported mean global coronal deviations of 0.9 mm (Cl: 95% [0.8-1 mm]), global apical deviations
of 1.2 mm (Cl: 95% [1.1-1.2 mm]), and angular deviations of 3.3 degrees (Cl: 95% [2.1-4.6 degrees]).®

At the time of this writing the patient was healing and awaiting osseointegration of the bone to the implant. A single-tooth, screw-retained prosthesis constructed of
porcelain fused to zirconia is planned, and all postoperative signs point to ideal positioning of the implant to support the prosthetic tooth.

Discussion

Since 1999, use of robotic assistance has been rapidly adopted and has assumed an important position across a broad range of medical fields.20-2 Specific to
orthopedics, haptics-based robotic guidance has been shown to provide enhanced and augmented surgical precision, tissue preservation, and functional
recovery.17'18’23 Only recently has robotic assistance become available in dental implant surgery. This case study is, to the authors' knowledge, the first to outline a
robotic-assisted dental surgery procedure and to report on quantitative accuracy for prosthetically driven planning and immediate placement of a single-tooth
replacement.

In this immediate implant placement case with minimal residual buccal bone, the surgeon utilized RADS haptics, which enabled steady control of the handpiece to
prevent deviation of the osteotomy into the extraction socket. The quantitative results from this case study suggest that the robotic guidance resulted in an accurate
osteotomy, which may not be as readily and predictably allowed using freehand protocols. While static guides also provide a high measure of control, their usage
may prevent direct visualization of the surgical site, and they cannot be dynamically adjusted if modifications are necessary post-extraction. Furthermore, the RADS
system in this case allowed for system verification via a landmark point before preparation of the osteotomy, an asset not available with stereolithographic surgical
guides.

Navigation systems also would have allowed for intraoperative changes to the plan but without the haptic guidance of the RADS system to assist in overcoming the
tendency of the drill to follow the path of the extraction socket. Additionally, the surgeon was able to retain visualization of the surgical site with RADS, receiving
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guidance through the sense of touch rather than relying on visual directions on a monitor.

It is important to note that the robotic guidance arm does not move unless the surgeon manually applies a force to it, and motion in guidance mode is constrained
within the plan. Otherwise, the robotic guidance arm is able to resist any motion, including incidental bumps or other contact. In this case the surgeon was in control
of initiating and pausing drilling and had the ability to modify the plan or switch to freehand operation at any time.

Conclusion

With prosthetically driven implant dentistry now widely considered the ideal approach to offering dental implant therapy, clinicians must execute the virtual plan with
as much integrity as possible. The authors' application of a robotic-assisted dental surgery system to this single-tooth immediate implant placement demonstrated
accuracy in accordance with published precepts and provided real-time verification of the execution of the plan. This initial experience indicates potential benefits of
robotic guidance in comparison with other available digital protocols for prosthetically driven dental implant therapy. It is the authors' intention to follow this RADS
system case study with an in-depth multiple case analysis and future prospective studies.
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