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Accuracy of haptic robotic guidance of dental implant surgery

for completely edentulous arches

Scotty L. Bolding, DDS, MS, FACS® and Uday N. Reebye, MD, DMD"

Three-dimensional (3D)
aging with the use of cone
beam computed tomography
(CBCT) scanning and 3D im-
age manipulation and plan-
ning software programs have
become popular.! Utilizing
these technologies has allowed
the dental and surgical teams
to plan complex surgeries
virtually and has enabled
guided tools to assist with the
surgical placement of endos-
teal dental implants. Three
types of guided implant sur-
geries have emerged from 3D
imaging and planning tech-
nology: physical static guides,
camera-based navigation, and
most recently robotic
guidance.

The use of CBCT scans has
allowed computer-aided
design and computer-aided
manufacturing (CAD-
CAM) technology to produce
static physical guides to assist

with endosteal dental implant placement. Early static
guides were generally made of acrylic resin and used as a
partially guided system, with the guide constraining the
drill position but the implants being placed freehand.
With advances in computer technology, 3D-printed

ABSTRACT

Statement of problem. The accuracy of single implant placement is critical, as errors may cause
problems with vital structures intraoperatively, as well as postoperatively with the prostheses.
These issues may be exacerbated in complete-arch edentulous treatments requiring relative
accuracy among multiple implants, particularly with prefabricated prosthetic structures.

Purpose. The purpose of this clinical study was to determine the accuracy of dental implant
placement by using haptic robotic guidance in completely edentulous participants.

Material and methods. In a prospective single-arm clinical study, 5 qualified participants elected to
receive dental implants placed by using haptic robotic guidance to restore either the maxillary or
mandibular arch, or both, with complete-arch implant-supported prostheses. Three dual-arch
participants and 2 single-arch participants resulted in 38 endosteal dental implants being placed.
A virtual preoperative restorative and surgical plan was created before surgery. This plan was
matched to the surgical workspace on the day of surgery by using a bone-mounted fiducial
splint fabricated from a cone beam computed tomography (CBCT) scan. Intraoperatively, the
surgeons maneuvered a handpiece attached to the robotic guidance arm, osteotomies were
created with a haptically constrained handpiece, and the implants were placed with 3-
dimensional haptic constraints as per the virtual plan. Postoperative CBCT scans allowed the
evaluation of the deviations of the actual implant placement relative to the plan.

Results. Twenty-three implants were placed in the mandible and 15 in the maxilla. The mean
+standard deviation global angular deviation was 2.56 +1.48 degrees, while the crown of the
placed implant showed a deviation from the plan of 1.04 £0.70 mm and the apex of 0.95 +0.73
mm. The signed depth deviation was 0.42 +0.46 mm proud. No adverse events were reported.

Conclusions. This clinical series for treating completely edentulous patients by using haptic robotic
guidance was found to be safe and accurate. While further longer-term clinical studies are necessary
to measure outcomes and to assess differences as compared with nonrobotic implementations,
haptic robotic preparation appears to confer additional intraoperative advantages over other
techniques for treating completely edentulous arches. (J Prosthet Dent 2021;m:m-m)

guides used a series of sleeves matched to guided drill
systems. These guided systems improved placement ac-
curacy compared with either freehand or partially guided
methods, as the dental implant was placed through the
guide.” The potential sources of error of static physical
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Clinical Implications

When restoring completely edentulous arches,
careful planning and proper positioning of the
dental implants are essential to establish an ideal
esthetic and functional outcome. To have an
adequately supported functional prosthesis with
proper design for stress loads and functional
esthetics, the dental implants must be optimally
positioned in the bone. Haptic robotic guidance
provides the surgeon with precise and accurate
placement of the endosteal dental implants to
support the virtually planned prosthesis.

guides include the accuracy of the original scan, the
methods used to 3D print and manufacture the guide,
the fit of the guide in the mouth, and the necessary
requirement of clearance between the drill bit and guide
holes.® Nonetheless, such guides typically produce
implant positioning errors for individual implants of a
millimeter or less and an angulation error of a few de-
grees, whereas freehand errors can routinely be twice
that or more.* Static guides can be affixed and registered
to the patient anatomy during surgery in 3 ways: to the
bone (which requires lifting a flap and has been reported
to be the least accurate way™®), to the teeth, or to the
mucosa. The drawbacks of static guides include that their
production, whether in-house or by outside laboratories,
can delay surgery. Guides can also shift or fracture in use,
do not permit intraoperative adjustments, and may
impede irrigation. Many protocols also require a second
scan of the prosthesis itself. Only mucosa- and tooth-
supported guides permit minimally invasive flapless
surgery. Static guides require longer drills and thus may
be difficult to use in posterior locations where access is
restricted or in narrow spaces between teeth.”” Finally,
static guides impede the surgeon’s view of the actual
surgical site during osteotomy preparation and implant
placement, as the guide system covers the surgical site.
Camera-based navigation is a subset of dynamic
navigation, also known as computer-aided guidance or
intraoperative navigation and provides 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
from the computed tomography image. Dynamic navi-
gation has been reported to be as accurate as fully guided
static surgeries.”® In addition, by avoiding fixed physical
(static) guides that must be manufactured, dynamic
systems may facilitate same-day treatment, avoid the
risks of fractured or inaccurate guides, allow for irrigation
at the surgical site, and enable the surgeon to respond to
intraoperative conditions by changing the plan as
needed. Camera navigation systems, however, lack
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physical guidance during execution, as they do not
actively prevent surgeons from deviating from the plan or
preparing beyond the plan; they do identify deviations
from the plan as they occur and provide visual cues to
return to the plan. However, the surgeon is required to
look away from the patient to receive such visual cues,
which can reduce tactile feedback or other cues from the
surgical site itself. In addition, because camera navigation
systems typically use infrared or visible light to track the
drill relative to the patient, they require each aspect to
remain within the line of sight of the stereoscopic camera
to avoid communication errors during the procedure.”
Electromagnetic-based systems work similarly in that
they track the instruments relative to the patient but
without potential line of site issues; however, they can be
sensitive to distortions from ferrous metal objects such as
the drill head."

Robot-assisted dental surgery, in contrast, combines
the advantages of both the physical constraints of static
guides and the flexibility of image-based dynamic navi-
gation. The first commercially available robotic system for
dental implant surgery provides physical (haptic) as well
as visual and auditory guidance to the surgeon during
dental implant surgery (Fig. 1). A software program uses
a CBCT scan of the patient and allows the 3D planning of
ideal positioning of the implants based on bone avail-
ability, biomechanical load characteristics for the chosen
prosthesis design, and visualization of the 3D interaction
of the implant with critical anatomic structures. The
system is compatible with a variety of implant systems,
which enables ideal size and shape optimization for a
patient-specific plan. This is similar to the preoperative
methods used to plan implant placements with both
static guides and camera-based navigation. However,
once the implant plan is optimally positioned, the robotic
assistance provides 3D physical guidance of the dental
surgical instruments during the execution of the digital
plan in terms of the desired location, angulation, and
depth. If the tool is in the correct location and orienta-
tion, there is no physical resistance provided by the robot.
However, if the tool deviates in any way, the robot
constrains the tool axis to the planned location and
orientation. The planned depth is planned similarly. If
the instrument is in the correct location and orientation
and not to the planned depth, no resistance is added by
the robot. The surgeon feels the normal sensation of
drilling or implanting. As the instrument reaches the
planned depth, the robotic arm stops the tool and does
not allow further drilling. The surgeon retains the ability
to modify the implant position plan at any time during
the surgical procedure. During the haptic guidance of the
osteotomy, full visualization of and access to the surgical
site for instrumentation and irrigation is provided.
Moreover, the fully digital workflow not only eliminates
the potential for inaccuracies during the production and
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Figure 1. A, Robotic system. B, Robotic system draped and in use.

fitting of a physical guide but also allows for patients to
be treated with same-day guided surgery treatment.

All 3 of these methods for guiding the insertion of
dental implants are designed to reduce the human error
in freehand treatments, but each has potential sources
of related error causing deviations between the 3D plan
and the actual implant placement. Deviations in the
placement of a single implant relative to a preoperative
plan may cause problems intraoperatively such as un-
expected proximity to vital nerve and vessel structures."’
Issues can occur postoperatively as well in terms of the
prosthesis and patient discomfort.'” In particular, de-
viations of implant placement can be problematic as
they may cause unexpected distribution of loads during
mastication, potentially causing fatigue failure of the
components.”> These issues may be exacerbated in
complete-arch edentulous treatments requiring relative
accuracy among multiple implants, particularly with
prefabricated prosthetic structures. These issues can be
mitigated by placing the burden on the restorative steps
of the prosthetic workflow after implant placement.
However, if the prosthetic framework is fabricated
before implantation of the implants based on the same
3D virtual planning, inaccuracies can lead to mis-
alignments requiring occlusal adjustments and potential
bone margin overload."" The accuracy of implant
placement using static guides and dynamic navigation
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has been studied.””'**° The purpose of this clinical
study was to evaluate the 3D accuracy of implant
placement in complete-arch edentulous treatments by
using haptic robotic guidance.

MATERIAL AND METHODS

This protocol was approved and administered under
Western Institutional Review Board Protocol #20193123
as part of a Food and Drug Administration-approved
Investigational Device Exemption submission G190282.
In a prospective single-arm clinical study, 5 qualified
adult participants (3 men, 2 women; average age=57
years, range 47 to 65) elected to receive dental implants
to restore either the maxillary or mandibular arch, or
both, with complete-arch implant-supported prostheses
and were treated by using haptic robotic guidance. The 3
dual-arch participants and 2 single-arch participants re-
sulted in 38 individual implant placements. A virtual
preoperative restorative and surgical plan was created
(Neocis Inc) before surgery (Fig. 2).

On the day of surgery, a single-use, disposable
edentulous splint was affixed to the anterior maxilla or
mandible with self-tapping bone screws (2.0 or 2.3 mm
diameter, Stryker) (Fig. 3). Splint affixation was per-
formed under local anesthesia (Marcaine [bupivacaine ]J;
Pfizer), while the implant procedure proceeded under
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Figure 2. Virtual 3D plan of multiple implant placement in edentulous participant.

Figure 3. A, Single use, injection molded Edentulous Patient Splint (EPS) with integrated kinematic tracking mount. EPS has shape that is designed to fit
loosely on most patients on anterior maxilla or mandible, and kinematic mount is attached to patient tracker arm of robot. B, EPS is attached using 3 to
5 self-tapping, monocortical bone screws driven toward thickest part of bone in mandible or maxilla. Screws are 2.0 or 2.3 mm in diameter with lengths
10 to 20 mm as needed. Typically, 14 to 18 mm screws were used in mesial sleeve locations and 12 to 16 mm screws in distal sleeve locations due to
change in thickness of EPS from mesial to distal, thicker to thinner, respectively.

general anesthesia (Diprivan [propofol], Fresenius Kabi).
A CBCT scan with a splint-mounted fiducial array was
merged with the previously created virtual plan. The
fiducial array was then removed from the splint and
replaced with a patient tracker robotic end effector,
allowing the surgical robot (Yomi, Neocis Inc) to track the
patient’s motion. Intraoperatively, the surgeons (SLB,
UNR) maneuvered Yomi handpiece attached to the ro-
botic guidance arm. This guidance arm haptically con-
strained the handpiece in 3D space as defined by the
virtual plan while the surgeon performed the osteotomies
and placed the implants.

Participants then received a postoperative CBCT scan
and examination. The methodology for measuring
implant accuracy used a standardized 3D voxel-based
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registration of superimposed images of the implant
plan with the postoperative CBCT (Fig. 4).'**"** This
registration process consists of the isosurface matching of
localized regions. The difference between the planned
and actual location of each implant was measured and
reported as per the International Team for Implantology
(ITT) consensus report suggesting deviations should be
standardized to allow fair comparisons across studies.
Accuracy data are thus reported in terms of global
angular deviation in degrees (&), which is the 3D angle
between the central axis of the planned and the placed
implants and the signed depth deviation in mm (sd),
which is the difference in the coronal depth of the
planned and the placed implants along the long axis of
the planned implant, with negative indicating the actual
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Figure 4. A, Preoperative scan with plan and B, postoperative scan of final implant positions. Combining these 2 images allows calculation of deviations

between plan and final position in 3D.

placement is deeper than on the plan. In addition, the
global coronal deviation (c) and global apical deviation
(a), both in mm, are reported. These 2 metrics represent
the 3D distances between the coronal and apical centers
of the planned and actual implant positions (Fig. 5). All
metrics were assessed by using standard descriptive
statistics (mean, standard deviation, minimum,
maximum, and 95% confidence intervals).

RESULTS

A total of 38 implants were placed in 8 arches in 5 par-
ticipants (Table 1). Twenty-three implants were placed in
the mandible and 15 in the maxilla, including 3 dual-arch
treatments. Seven of the 8 arches (in 4 of the 5 partici-
pants) required tooth extractions during surgery. Bone
quality ranged from Type 1 to Type 3 as classified by
Lekholm and Zarb.?® One arch was treated by using a
flapless approach, while conservative tissue flaps were
performed for all other participants. Three arches in 2
participants were successfully provided with immediately
loaded complete-arch prostheses. No adverse events
were reported. No nerve canal perforations or apical
bone penetrations were seen in the postoperative CBCT
images.

Accuracy was assessed by the signed depth deviation,
the global angular deviation, and the 3D coronal and
apical deviations (Table 2). The mean +standard devia-
tion signed depth deviation was 0.42 £0.46 mm proud,
with no instances of the crown of the actual implant
deeper than on the plan. The global angular deviation
averaged 2.56 +1.48 degrees with 95% confidence limits
of 2.10 degrees and 3.03 degrees. The crown of the actual
placed implant showed an average deviation from the
plan of 1.04 +0.70 mm and the apex a deviation of 0.95
+0.73 mm. Implants in the mandible showed signifi-
cantly higher depth deviations (0.55 +0.53 mm versus
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Figure 5. Representation of implant accuracy parameters: global angular
deviation in degrees (a), signed depth deviation in mm (sd), global
coronal deviation (c), and global apical deviation (a), both in mm.

0.23 +0.25 mm; P=.04) and angular deviations (3.09
+1.38 degrees versus 1.76 +1.27 degrees; P=.005)
compared with implants in the maxilla.

DISCUSSION

The authors are unaware of a previous study that used
haptic robotic guidance to treat completely edentulous
patients. The analysis of the results indicated accurate
placement of the implants compared with the plan. Ac-
curacy is critical in implant placement and arguably even
more so in completely edentulous patients. Deviations
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Table 1. Participant demographic and surgical data

Subject Sex Age (yrs) Arch Treatment Location # Of Implants Bone Quality Dentition Immediate Prosthesis
Participant 1 M 54 Dual Maxilla 8 Type 1 Edentulous N/A
Mandible 6 Type 1 During surgery N/A
Participant 2 F 60 Dual Maxilla 5 Type 1 During surgery Loaded
Mandible 4 Type 2 During surgery Loaded
Participant 3 M 47 Dual Maxilla 4 Type 2 During surgery N/A
Mandible 2 Type 2 During surgery N/A
Participant 4 F 57 Single Mandible 5 Type 3 During surgery Loaded
Participant 5 M 65 Single Mandible 4 Type 3 During surgery N/A
Table 2. Descriptive statistics of implant deviations
Global Global
Metric Signed Coronal Depth, sd (mm) Angular Deviation, o (deg) Coronal, ¢ (mm) Apical, a (mm)
Mean 0.42 256 1.04 0.95
Standard deviation 0.46 148 0.70 0.73
Sample size (n) 38 38 38 38
Max 2.16 520 3.86 4.25
Min 0.00 0.00 0.22 0.23
Upper 95% CI 0.57 3.03 127 1.19
Lower 95% Cl 0.28 2.10 0.82 0.72
Cl, confidence interval.
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Figure 6. Mean implant accuracy results of this study in comparison with other published studies. deg, degrees; Dyn Nav, dynamic navigation.

between the plan and the actual implant positions have
been associated with prosthetic complications, including
misfit of the restoration and the need for occlusal ad-
justments.'? Implant accuracy has been evaluated by
comparing the planned versus the actual implant place-
ment by using both static guides and dynamic computer
navigation. A systematic review of the accuracy of
mucosa-supported static surgical guides in the
completely edentulous patient showed mean apical
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global deviations ranging from 0.67 mm to 2.19 mm,
mean coronal global deviations ranging from 0.6mm to
1.68mm, and mean angular deviations ranging from 2.6
degrees to 4.67 degrees.'® Figure 6 shows the results of
the present study compared with those of numerous
other clinical accuracy studies on completely edentulous
participants with static guides and dynamic naviga-
tion.”*'*1¢27 The plot of the mean deviations in this
present study (2.56 degrees angular; 1.04 mm global
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Figure 7. A, Site of splint attachment. B, 3 to 5 bone screws used for
fixation. C, After fixation.

coronal; 0.95 mm global apical) shows that robotic
guidance of implant placement was at least as accurate as
both static and dynamic navigation (Fig. 6). The
maximum deviations in this study showed 1 implant with
an angular deviation of 5.20 degrees and another implant
with a translational deviation of 4.25 mm. The deviations
in these situation resulted from poor bone quality
requiring adjustments at the time of implant placement
to allow the implant to be placed in the most stable bony
environment available. Poor bone quality does not affect
the accuracy of robotic bone preparation but may affect
the final implant location compared with the plan. Cli-
nicians must recognize deviations from the plan and be
assured that the implants are not placed in vital

Bolding and Reebye

structures such as the sinus, nerves, or adjacent tooth
roots. In addition, the robotic system used a conventional
implant handpiece and standard burs. There may have
been some chatter in immediate extraction sites when
the drill hit the sidewall defect in the extraction socket,
similar to other preparation methods. Clearly, with this
robotic technology, as with any other technology, proper
clinical oversight and judgment must always be exer-
cised. Advanced technology and devices do not replace
clinical decision-making but rather augment execution.

Static guides have been reported to lead to apical
deviations higher than coronal deviations, explained by
the way static guides are most effective in the coronal
part of the prepared osteotomy with a fulcrum where the
drill leaves the guide and enters the tissue.”” As haptic
robotic guidance of the tool path does not have a similar
fulcrum, the increase in apical deviations were not seen
this in the present study. The robotic forces resisting
deviations of the tip of the tool are not dependent on the
depth of the tip of the tool into the osteotomy.

The current study showed the depth and angular
placement of implants in the maxilla to be slightly more
accurate than that of the implants placed in the
mandible. This is consistent with studies of static guides
showing higher accuracy in the completely edentulous
maxilla.?**” This difference may occur because static
guides for the maxilla typically cover a larger area than
completely edentulous mandibular guides. Of course,
this explanation is not relevant to robotic surgery with a
bone-mounted registration method. However, the
maxilla is more stable and less mobile than the mandible,
which may account for a more stable foundation for both
the guides and the robotic splints. Another possibility is
that the maxilla typically has lower bone density than the
mandible and thus less potential for bur chatter during
placement. Nevertheless, other studies have reported
greater accuracy in the edentulous mandible.”**°

The robotic technique evaluated in this study requires
a rigid connection to the patient via a single-patient use,
disposable, bone-mounted splint to register and
dynamically track the jaw with the robot. Figure 7 shows
the site of the splint attachment before and after place-
ment. A fiducial array is affixed to this splint after its rigid
attachment to the bone. A CBCT scan is then made
allowing the registration of the plan into the 3D space of
the patient during the procedure. The robot attaches to
the splint, providing registration and tracking of the drill
in the operative space. The authors observed that, as
expected, rigid bone attachment appeared more reliable
than tooth or mucosal mounted arrays. There were no
complications related to the splint application.

Static guides have been reported to be an accurate
method for guiding implant placement, and the present
study found that robotic guidance was as accurate as the
best implementations of static guides.””'*3% Static
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Figure 8. Haptic robotics in use. A, With standard instrumentation in fresh extraction socket. B, Allowing full visualization and irrigation.

guides do, however, come with some inherent limitations
that might be overcome with robotics. Both technologies,
as well as dynamic computer guidance, benefit from
preoperative 3D imaging. This preoperative planning
may minimize the size of the incision, as tissue reflection
is not needed during surgery to visualize the underlying
bone. Static guides are often stacked, providing a drill
sleeve that is required for stability. This can, however,
create an issue in terms of the length of the stacked
guides and the required extended drill lengths. This can
be exacerbated in patients with limited mouth opening in
the posterior area of the mouth or posteriorly angled
implant axes. Robotically guided preparation uses stan-
dard drills as the end effector tool. Figure 8 shows
intraoperative images of the robotic procedure, demon-
strating complete visualization with standard tools. Ro-
botic guidance afforded adequate irrigation as well,
which can be an issue with guided osteotomies.

Limitations of this clinical study included that no
comparative cohort was enrolled. However, this series of
participants represents the first robotically guided
completely edentulous preparations. The literature doc-
umenting the accuracy of other implant placement
techniques along with a well-defined and universally
adhered to standard of measuring and reporting accuracy
allowed a comparison of this single-series study with
previous findings. Another limitation was the risk of bias
in studies where the final implant position is assessed by
postoperative CBCT scanning. While the radiographic
artifacts can be mitigated with manual tuning and scatter
noise deletion as described by Arisan et al,’* patient
motion artifacts may also introduce errors in the before
and after implantation scan registration.** In the present
study, the risk of motion artifacts was mitigated by checks
in the software program of fiducial registration, which
requires minimal motion and indicates any degree of
motion that jeopardizes registration accuracy.
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CONCLUSIONS

Based on the findings of this preliminary clinical study,
the following conclusions were drawn:

1. Implant placement was accurate when using hap-
tically guided stereotactic robotic technology for the
completely edentulous patient.

2. These results show that robotic technology provides
a valuable aid to the dental prosthetic and surgical
teams during dental implant rehabilitation for the
completely edentulous arch.

3. Complete visualization of the surgical field of view
and ease of use of the system were apparent during
these inaugural procedures.

4. Based on the widespread use and reliability of ro-
botic technology in other areas of medicine, robotic
technology may play a significant role in the accu-
racy of dental rehabilitation in the future.
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