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A B S T R A C T

Objectives: To assess the feasibility and accuracy of a new prototype robotic implant system for the placement of
zygomatic implants in edentulous maxillary models.
Methods: The study was carried out on eight plastic models. Cone beam computed tomographs were captured for
each model to plan the positions of zygomatic implants. The hand-eye calibration technique was used to register
the dynamic navigation system to the robotic spaces. A total of 16 zygomatic implants were placed, equally
distributed between the anterior and the posterior parts of the zygoma. The placement of the implants (ZYGAN®,
Southern Implants) was carried out using an active six-jointed robotic arm (UR3e, Universal Robots) guided by
the dynamic navigation coordinate transformation matrix. The accuracy of the implant placement was assessed
using EvaluNav and GeoMagicDesignX® software based on pre- and post-operative CBCT superimposition.
Descriptive statistics for the implant deviations and Pearson’s correlation analysis of these deviations to force
feedback recorded by the robotic arm were conducted.
Results: The 3D deviations at the entry and exit points were 1.80 ± 0.96 mm and 2.80 ± 0.95 mm, respectively.
The angular deviation was 1.74 ± 0.92◦. The overall registration time was 23.8 ± 7.0 min for each side of the
model. Operative time excluding registration was 66.8 ± 8.8 min for each trajectory.
The exit point and angular deviations of the implants were positively correlated with the drilling force
perpendicular to the long axis of the handpiece and negatively correlated with the drilling force parallel to the
long axis of the handpiece.
Conclusion: The errors of the dynamic navigation-guided robotic placement of zygomatic implants were within
the clinically acceptable limits. Further refinements are required to facilitate the clinical application of the tested
integrated robotic-dynamic navigation system.
Clinical significance: Robotic placement of zygomatic implants has the potential to produce a highly predictable
outcome irrespective of the operator’s surgical experience or fatigue. The presented study paves the way for
clinical applications.

1. Introduction

Zygomatic implants (ZIs), first reported by Branemark [1,2], are
effective for the rehabilitation of atrophic maxillae [3,4]. A recent sys-
tematic review reported a high rate of surgical complications associated
with the placement of ZIs which included perforation of the orbital floor,
malposition of implants leading to early failure, and damage of the

infraorbital and zygomaticofacial nerves [5]. Postoperative pain,
swelling and facial hematoma are among the most common complica-
tions due to the need for reflecting extensive mucoperiosteal flaps to
expose the zygomatic bone during the surgery [5]. The flapless approach
for dynamic navigation-guided placement of ZIs under local anaesthetic
has been proven to be successful in reducing these complications [6,7].
Rehabilitation of these cases usually involves the placement of four ZIs
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or two posterior ZIs with conventional anterior dental implants [8,9].
This depends on the availability of bone in three zones of the maxilla; the
anterior, middle and posterior, zones I, II and III, respectively [10,11].

Planning ZIs involves the identification of the appropriate implant
trajectories (i.e., pathways) based on the surrounding anatomical re-
strictions [12]. It is then followed by using a surgical guiding technique
to ensure accurate execution of the plan [13].

The use of static guides, also termed surgical templates, is the most
commonly used method when placing ZIs, but they have their limita-
tions [14]. Errors associated with the initial versions of these templates
have been reported [14]. Schiroli et al., proposed a flapless approach for
ZI placement using static guides [15]. They reported the challenge in
achieving the desired implant angulation [15,16]. J. Chow proposed a
specially designed ZI drilling guide to supplement the conventional
static surgical template [17]. It consisted of two metallic pieces that
ensured a straight trajectory between the entry and exit points which
enhanced the optimal implant positioning [17]. Bedrossian et al.,
highlighted the prevention and management of complications associ-
ated with ZI placement [18]. Jayanetti et al., suggested the use of double
sleeves when the anatomy allows it (in ZAGA-3 and 4 cases) [19]. Rigo
et al., advocated a fully guided ZI placement approach to simplify the
conventional surgical procedure by using metallic surgical templates
[20]. The availability of supporting bone is required for fixation of the
template [20]. Gallo et al. showed that the differences in the accuracy
between the anterior and posterior ZI and between the right and left
sides were statically non-significant [21]. Further research is ongoing in
relation to the refinement of these guides [22,23].

Watzinger et al., were among the first to attempt ZI placement
guided by surgical navigation system [24]. Their study on cadavers
showed 1.7 ± 1.3 mm deviations at the implant entry point and 1.3 ±

0.8 mm deviations at the exit point [24]. The ZI placement using dy-
namic navigation has been heavily investigated recently [25–27]. Due to
the increased confidence in the refined dynamic navigation techniques,
Bhalerao et al. demonstrated the successful flapless placement of ZI
guided by dynamic navigation in a prospective clinical randomized trial
[6,7]. González-Rueda et al. added the mixed-reality dimension using
HoloLens glasses [28]. Optimising the registration of patient space and
enhancing the drill calibration process are crucial to improve the ac-
curacy of the placement of dental and zygomatic implants under dy-
namic navigation guidance [29,30].

It has been shown that dynamic navigation is dependent on the op-
erator’s manual dexterity and requires extensive training to maximise
the visual-manual coordination [27,31]. These limitations inspired the
development of the robotic placement of ZIs [32,33]. Shengchi, Cao
et al. were among the first investigators of robotic systems for the
placement of ZIs in vitro [32,33]. This was followed by Li, Deng et al.,
who tried the two-stage protocol in vitro and in a subsequent clinical
investigation [34,35]. Their protocol involved the use of the semi-active
Remebot® system to prepare the alveolar ridge in the first stage, fol-
lowed by the manual insertion of the zygomatic drills into the prepared
socket in the second stage. The robotic drilling of the zygomatic bone
was then completed [34,36,37]. Implementing the HoloLens glasses to
achieve a mixed-reality environment constitutes a novel ZI placement
protocol using a “hybrid” robotic implant surgery [38].

Robotic technology proved to be successful in the placement of
dental and ZIs [38–40]. It has the advantages of efficiency and precision,
as well as allowing the flapless placement of dental implants, sinus lift
procedure, and endodontic surgery [40–42]. Xu et al. evaluated active
(Yekebot®), semi-active (Remebot®), and passive (DentRobot®) opti-
cally tracked commercial implant robotic systems [43]. They reported
better accuracy of implant position with active and semi-active systems
which required less human-robot interaction during surgery in com-
parison with the passive systems [43]. Passive and semi-active robotic
systems require the operator to guide the robotic arm while entering and
exiting the patient’s mouth. Therefore, these steps took less time than
with active robotic systems which require extensive

calibration-registration-verification processes that are time-consuming
[43,44]. Studies on the accuracy of, Yomi®, reported higher errors in
the placement of implants, both in vitro [45] and in a clinical series [46].

Yang et al., divided the robotic systems into 5 levels of autonomy;
level 1 being robotic assistance (i.e., passive robotics such as Den-
tRobot®, Cobot®, and Yomi® systems), level 2 being task autonomy (i.
e., semi-active and active robotics such as Remebot® and Yekebot®
systems), and levels 3 to 5 being the target for future development
(conditional autonomy, high autonomy, and full automation which
require the inclusion of artificial intelligence) [47]. Huang et al. pro-
moted the use of a dual robotic arm system to overcome the obstructed
field of vision of the tracking camera [48]. Tang et al. have also sug-
gested the same concept [49]. The workflow for full arch rehabilitation
with immediate dental implants is currently under consideration [50,
51].

In this project, we developed a task-autonomous active robotic sys-
tem which is composed of a 6 degrees of freedom robotic arm (UR3e)
and an optical dynamic navigation system (NaviDent®).

The aim of this study was the in vitro assessment of the feasibility and
accuracy of the developed system for the dynamic navigation-guided
robotic placement of ZIs.

2. Materials and methods

2.1. Materials

The robotic arm (UR3e; Universal Robots®, Odense, Denmark) was
used to autonomously perform the implant osteotomy and placement of
the ZIs. In addition to monitoring the positions of the drill tips in real-
time, the dynamic navigation system (NaviDent®; ClaroNav Inc., Tor-
onto, Canada) was integrated with the robotic software (on a laptop) to
provide the coordinates of the entry and exit points of the planned ZIs.
These coordinates were transmitted initially in static snapshots to
calculate the transformation between the dynamic navigation system
and the robotic arm. The real-time transmission of the coordinates was
implemented throughout the implant placement procedure to maximise
its accuracy. A 300 Mbps wireless N 4G LTE router (TL-MR6400; TP-Link
technologies®, Shenzhen, China) was utilised to transmit the co-
ordinates from the dynamic navigation system to the laptop controlling
the robotic arm.

Six fiducial markers were placed in each plastic edentulous maxillary
model (ZYG NM01 - D2 density; SelModels®, Barcelona, Spain) ac-
cording to a previously optimised configuration [29]. The fiducial
markers were 1.2 × 6 mm plate fixation screws (59-12106 - Leibinger
Micro Plus System; Stryker Leibinger GmbH, Freiburg, Germany). The
osteotomy cuts were carried out using short drills and a drill extension of
the NobelReplace® kit (Nobel Biocare®, Zurich, Switzerland), in addi-
tion to the standard zygomatic osteotomy drills (Southern Implants®,
Irene, RSA). ZYGAN implants (Southern Implants®, Irene, RSA) were
used in the study. The implant engine (SI-95 230 - Implantmed®;
W&H®, Bürmoos, Austria) and the implant contra-angle handpiece
(WS-75; W&H®, Bürmoos, Austria) were connected to the end effector
of the robotic arm via a custom-made 3D-printed connection that was
made using Rigid 10K resin and a FormLabs 3D printer (Form 3B; For-
mLabs®, Somerville, USA). The same resin and 3D printer were used to
construct a custom rigid connection between the edentulous maxillary
models and the dental simulator (EWL 5190 Dental Simulation Unit;
KaVo Electrotechnisches Werk GmbH, Leutkirch im Allgäu, Germany).
Each model was also covered with a silicone mask to mimic the skin of
the face (Silicone mask for simulated jaws non-latex; Wright Cottrell,
Dundee, Scotland). The final system setup is shown in Fig. 1.

2.2. Planning the zygomatic implant trajectories

The study was carried out on eight commercially available plastic
midface models that included the edentulous maxilla, the zygomatic
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bones, the nose and the orbital cavities (Fig. 2). A set of radiopaque teeth
(SR Vivo TAC/SR Ortho TAC; Ivoclar®, Zurich, Switzerland) was ar-
ranged in a prosthodontic laboratory to fit on the edentulous maxilla. A
cone-beam computed tomography scan (CBCT) of the model with the
radiopaque teeth fitted in place (model placed upside down) was ob-
tained using the dental imaging unit (KaVo OP 3D Vision; KaVo Dental
GmbH, Biberach, Germany). A Standard Tessellation Language (STL) file
was derived from the CBCT DICOM image using InVesalius software
(v.3.1.1). This STL file was then oriented according to the dental arch
axes (i.e., midline and occlusal plane) using MeshMixer software
(v.3.5.474). The soft tissue counterpart (i.e., the silicone layer) was
segmented out of the resin using 3D Slicer software (v.5.1.0), and the
result was saved as STL file for planning. Four ZIs were digitally planned
according to the expected prosthetic rehabilitation and the anatomy-
guided principles [52,53] (Fig. 2). The planning was achieved with
the aid of an in-house developed STL library of the ZYGAN implants.

Planning in STL mode allows precise control of implant depths in both
alveolar and zygomatic regions while also observing anatomic, pros-
thetic, and safety planning principles simultaneously. Two implants
were planned in each model; 50 mm long (ZAGA-1) anterior ZIs and
35–40 mm long (ZAGA-2) posterior ZIs [54]. Therefore, 16 ZIs were
placed in 8 plastic models (two implants per model). The location of the
two implants was similar in each two of the 8 plastic models. ZIs were
placed in the right anterior and left anterior positions in two models, in
the posterior right and left positions in two models, in the right anterior
and posterior positions in two models, and in the left anterior and pos-
terior positions in the last two models. The implant cones, specific to the
dynamic navigation software, were digitally placed on the STL file of the
planned implants, using the dynamic navigation software (NaviDent®
v.3.0.3).

2.3. The drill calibration and registration procedures

A rigid connection was established between the implant handpiece
and the end effector of the robotic arm. A single drill calibration protocol
was implemented for the robotic osteotomy. The selection of the cali-
bration drill (zygomatic spade drill with one drill extension) was based
on our previous study which showed its higher precision with all plan-
ned points [30]. After this single drill calibration, the visual represen-
tation displayed by the navigation camera was used to determine its
accuracy (the short green line on the NaviDent® screen - Fig. 3). This
routine checking was independent of the registration between the pa-
tient space and the NaviDent® space.

Following drill calibration, the registration of the patient space and
the NaviDent® space was carried out according to the manufacturer’s
instructions and based on the six fiducial markers of each model [29].
The accuracy of this registration was determined using the
manufacturer-provided tracer tool.

A standard hand-eye calibration method was performed based on 15
robotic arm poses around the operative area to register the spatial
relationship between the NaviDent® space and the robotic arm space
[55],. The rigid fixation of the base of the robotic arm and the location of
the plastic model was ensured prior to this registration step. In each of
the 15 robotic poses, the sampling process captured the transformation
matrix between the jaw tracker and the tip of the drill (as recorded in the
dynamic navigation system) as well as the transformation matrix be-
tween the base of the robotic arm and the frame of reference of its end
effector (as recorded in the robotic arm system). This information was
transmitted wirelessly between the dynamic navigation system and the
robotic arm system. The synchronised sampling allowed the calculation
of the fixed spatial relationship between the base of the robotic arm and
the jaw tracker of the navigation system and the fixed spatial relation-
ship between the tip of the drill and the end effector of the robotic arm.
In this way, the robotic arm could perform, within a given reach and
safety restrictions, the planned procedure at any desired pose between
the drill tip and the plastic model according to the entry and exit point
coordinates of that particular implant trajectory.

The accuracy of this step was checked by commanding the pro-
grammed robotic arm to approach one of the implant entry points. This
was monitored on the NaviDent® screen to confirm the satisfactory
accuracy of coordinate match (Fig. 4). The registration of the Navi-
Dent®-to-robotic spaces was then fine-tuned to have the highest accu-
racy at the exit point of the implant-planned trajectory. The fine-tunning
step involved capturing more transformation matrix samples (~2100
samples over 3 sec) and re-applying the calculations for the two fixed
spatial relationships as explained above.

The robotic control user interface, which was developed in-house,
automatically adjusted for the differences in the length of the osteot-
omy drills and implants while keeping the single drill calibration in-
formation within the NaviDent® system.

Fig. 1. The system setup for the robotic placement of zygomatic implants
guided by dynamic navigation. (A): the dynamic navigation system. (B): the
laptop controlling the robotic arm. (C): the robotic arm attached to a contra-
angle implant handpiece and its tracker through a custom-made rigid connec-
tion. (D): The dental simulator carrying the plastic edentulous maxillary model
with an attached jaw tracker. The coordinate transformation matrices are
transferred between the optical tracking system and the robotic arm over a
wireless connection router (not seen in this photo).

Fig. 2. The steps involved in creating a standardised plan for the zygomatic
models. (A): A preoperative CBCT scan with the radio-opaque teeth fitted in
place. (B): The initial orientation of the pre-operative model STL file in Mesh-
Mixer. (C-E): Appending implant STL files to the model STL after segmenting
the soft tissue and the teeth in 3DSlicer to create the implant plan. Planning in
STL mode allows precise control over the prosthodontic axis of the implant
because the rotation and translation of any implant STL file can be easily
restricted to one plane only, thus facilitating the control of implant depths in
both alveolar and zygomatic regions while also observing anatomical and safety
planning principles simultaneously.
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2.4. The drilling and implant placement procedures

After using a tissue punch to remove the silicone layer on the models
overlying the implant entry locations, the following drilling steps were
carried out according to the manufacturer’s instructions : A speed of
2000 rpms for the short alveolar osteotomy drills, 1500 rpms for the
stainless-steel zygomatic drills and the side-cutting drill, and 1000 rpms
for the titanium zygomatic drills. The advancing speeds were 2 % (~0.5

mm/second) for the drilling and 4 % (~1.0 mm/second) for the implant
insertion (Fig. 5). The stepwise drilling allowed the pre-planned tra-
jectory of the osteotomy to be gradually achieved using a standard set of
drills until the final placement of the ZI.

The real-time transmission of coordinates between the Navident®
system and the robotic control software during the implant placement
step ensured that the implant engine automatically stopped when the
final desired depth was reached. The communication between the

Fig. 3. The drill calibration accuracy check process for single drill calibration protocol.
The visual representation of the drill tip (as a short green line) is shown at the bottom left corner of the camera view (upward pointing white arrow). If this green line
was deviated from the real drill tip seen in this view, the single drill calibration process was repeated to improve the accuracy of the calibration.

Fig. 4. The accuracy checking method for the hand-eye calibration process in the degree of matching the coordinates of the dynamic navigation system and the
robotic arm space. In this specific example, the robotic arm was commanded to approach the entry point of the anterior left ZI at a safe distance of 20 mm after
detaching the actual drill that was used for the drill calibration. The 70 mm depth displayed in the target view at the bottom left corner of the screen equals the length
of the implant trajectory (50 mm) plus the safe distance (20 mm).
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software of the robot-controlling laptop and the implant engine was
established through an automated power switch-off hardware that
disconnected the main power to the implant engine once it received the
signal of reaching the final depth. The duration of each procedural step
was recorded. The continuous streams of data from the standard force
sensor integrated into the robotic arm (i.e., force feedback data) were
captured in screen recordings throughout all the steps of the implant
osteotomy.

The plastic models were re-scanned after placing the ZIs, the CBCT
scans were imported into EvaluNav software for the assessment of their
accuracy. The pre-operative and its corresponding post-operative CBCTs
were superimposed using the fiducial markers and other landmarks that
did not change due to the osteotomy or the implant placement. The
quality of this superimposition was ensured according to the available
features in the EvaluNav software. The EvaluNav software then detected
the actual implant positions in the post-operative CBCT via the auto-
mated alignment function. MeshMixer (v.3.5.474) and MeshLab
(v.2021.05) software were utilised to standardise the frame of reference
of the implants. The X axis represented the mediolateral direction (along
the occlusal plane), the Y axis represented the antero-posterior direc-
tion, and the Z axis represented the vertical direction (Fig. 6). The
common frame of reference allowed the extraction of the coordinates of
the planned and the placed implants using GeoMagic Design X® soft-
ware (3D Systems, v.2020.0.3).

The 3D distance deviations between the planned position and the
actual position of the ZIs were calculated according to the following
equations:

The 3D angular deviations were calculated with the equation:

3D angle = cos− 1 X vector + Y vector + Z vector
(planned ZI length) ∗ (actual ZI length)

where:

X vector = (planned ZI entry X - planned ZI exit X)*(actual ZI entry X -
actual ZI exit X)

Y vector = (planned ZI entry Y - planned ZI exit Y)*(actual ZI entry Y -
actual ZI exit Y)

Z vector = (planned ZI entry Z - planned ZI exit Z)*(actual ZI entry Z -
actual ZI exit Z)

The x, y, and z force vectors (in newtons) were extracted from the
force recordings of 12 out of the 16 trajectories. Next, XY force vectors as
well as 3D force vectors were calculated. The mean force during the
drilling steps (D.Mean) as well as the maximum recorded force during
the drilling steps (D.Max.) were also measured.

2.5. Statistical analysis

Sample size calculation was based on the angular deviations from the
study of Cao et al. [33]. In that study, the zygomatic implants angular
deviations were 2.07 ± 0.30 degrees for the manual dynamic navigation
group and 1.52 ± 0.58 degrees for the robotic group. A pooled standard
deviation of 0.532541 degrees was calculated using the formula
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(n1 − 1)s21 + (n2 − 1)s22

n1 + n2 − 2

√

, before input into the power calucation software
(G*Power v.3.1.9.7). The other calculation settings were for an inde-
pendent group comparison, with α set at 0.05 and sample power at 0.8.
This resulted in a sample size of 16 zygomatic implants for any study
group.

SPSS statistics (IBM SPSS, v.26) was used for the statistical analysis.

The Shapiro-Wilk normality test was applied. Correlation analysis be-
tween the generated forces during the implant osteotomy and placement
steps and the measured deviations of the placed implants was conducted
using SPSS software and expressed in terms of Pearson’s correlation
coefficient. GraphPad (Prism®, v.9) was used to create the graphical
representations.

3. Results

The median deviations at the entry points of the implants were 0.31
mm, -0.05 mm, and -0.36 mm in the vertical, coronal and mediolateral
directions, respectively. The median deviations at the exit points of the
implants were -0.05 mm, -0.58 mm, and -0.38 mm in the vertical, cor-
onal and mediolateral directions, respectively. The negative values
represent deviations in the downward, backward and medial directions
(Fig. 7). Considering the exit point of the placed implants; the upward,

Fig. 5. Photographs showing the robotic arm in action. (A): The stage of
implant osteotomy using a titanium zygomatic twist drill 2.7Φ. (B): The stage of
zygomatic implant placement. The bottom left corners show magnified views of
the operative area.

Fig. 6. The steps involved in creating a standardised frame of reference for the
analysis of the zygomatic implant deviation directionality. (A): Identifying the
planes of directionality in MeshMixer software based on the planned replace-
ment dentition. (B): Aligning the point of origin of the standardised model in
MeshLab software according to the previously identified plane representations.
This was followed by removal of these planes as well as the replacement
dentition. X axis represented the mediolateral direction (green plane movement
in A), Y axis represented the coronal direction (orange plane movement in A),
and Z represented the superior-inferior direction (blue plane movement in A).
All pre- and post-operative STL files were brought to this standardised frame via
the mesh superimposition function in MeshMixer prior to the devia-
tion analysis.

3D distance deviation =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(mediolateral deviation)2 + (anteroposterior deviation)2 + (vertical deviation)2
√
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Fig. 7. (A): A sagittal 3D scatter diagram depicting the distribution of the ZI entry and exit point deviations in every direction except mediolaterally. The lines are
connecting each entry point deviation to its corresponding exit point deviation so that the angular discrepancy can also be judged from this view. (B): 3D repre-
sentations of the actual ZI positions of the most extreme exit point deviation cases; a posterior left ZI apex was deviated 3.29 mm backward, and a posterior right ZI
apex in another model was deviated 3.35 mm upward and 3.07 mm medially. (C): An occlusal 3D scatter diagram to show the distribution of mediolateral deviations
which had to be ignored from the sagittal view.
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medial, and backward deviation directions were of clinical importance
due to the close proximity to the orbital floor and the infra-temporal
fossa (Fig. 2: C-E). Out of the 16 ZIs; upward deviations of 2.07 mm
(± 1.11 mm) were noted in 8 implants, backward deviations of -1.45
mm (± 1.06 mm) were detected in 11 implants, whereas medial de-
viations of -1.30 mm (± 1.04 mm) were detected in 10 implants. The
only two apical deviations exceeding 3 mm were a posterior left ZI
which had a 3.29 mm backward deviation and a posterior right ZI in
another model which had a 3.35 mm upward and a 3.07 mm medial
apical deviation. The apical deviations in both of these ZIs are of limited
clinical significance (Fig. 7: B).

The mean (± SD) values of the 3D deviations of implant entry and
exit points as well as the angular disparities are shown in Fig. 8. These
were 1.80 ± 0.96 mm, 2.80 ± 0.95 mm, and 1.74 ± 0.92 degrees,
respectively.

The overall registration time was 23.8 ± 7.0 min (mean ± SD) for
each side of a model. Operative time excluding registration was 66.8 ±

8.8 min for each trajectory.
The relationships between actual ZI deviations and the mean of

drilling 3D forces are shown in Fig. 9. With the exception of the posterior
right ZIs, it can be noted in the figure that higher drilling forces were
generally associated with less deviations. However, upon subsequent
application of correlation analysis, this association was found to be weak
and not statistically significant (Table 1). On the other hand, when the
component force vectors were considered, statistically significant posi-
tive correlations were noted between the ZI angular and exit point de-
viations and the y force vector whereas statistically negative
correlations were noted with the x force vector (Table 1).

4. Discussion

In the current study, the wireless transfer of the NaviDent® gener-
ated transformation matrices had enabled the hand-eye calibration
protocol of the robotic arm to be achieved. The NaviDent® software
(v.3.0.3) has the facility of automated axis adjustment algorithm for the
calibration of the length of every drill. Therefore, one drill calibration
protocol was followed to achieve a reproducible robotic position
throughout the drilling procedure. An important feature of the robotic
system used in this study was the automatic switch-off facility once the
required depth of the implant placement was reached. This was based on
the real-time transmission of the coordinates of the drill tip during the
implant placement procedure.

In addition to possible human-related errors [29,30], we agree that
the deviation of robotic dental implant placement is dependent on
specific characteristics of the surgical site [56]. This is in agreement with
the study by Du et al. using the SinoPlan® robotic system to place
electrodes in the skull which showed that the trajectory-skull angle has
significantly influenced the placement radial error [57]. The similarity
between the long zygomatic drills and the neurological electrodes sup-
ports the concept that anatomical variations influence the magnitude
and the direction of the deviations of the robotic placement of implants
[56,57]. In the current study, we recorded higher deviations associated
with the planned posterior trajectories, particularly at the point of the
entry to the zygomatic bone. This observation agrees with a recent in
vitro study by González-Rueda et al., using dynamic navigation [28].
However, we do not agree that the free-hand technique produces higher
ZI accuracy than the computerised methods which include static-, dy-
namic navigation-, and augmented reality- guided methods [28]. This is

Fig. 8. A bar chart demonstrating the 3D deviation parameters that resulted
from testing the study group (robotic implant drilling and placement). Number
of values in each bar (n = 16). The error bars represent the standard deviations
from the mean values.

Fig. 9. A line graph showing the trajectory-specific relationships between the mean drilling force (D.Mean force) and the 3D actual implant deviations at its entry,
exit as well as angular deviation from the planned trajectory.
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mainly because of the evidence pooled from other studies which con-
tradicts this finding [26]. The length of the implant is another potential
cause of the noted deviations in our study, but this requires further
investigation [58]. Geometrically, with a zero translational movement
at the entry point of the implant, a 5-degree angular deviation at the
entry point would result in a 4.36 mm exit point deviation with a 50 mm
long ZI, 3.05 mm deviation with a 35 mm long ZI, and 0.87 mm exit
deviation with a 10 mm long conventional dental implant. Similarly, a
1.74-degree angular deviation at the entry point would result in a 1.52
mm exit point deviation with a 50 mm long ZI, 1.06 mm deviation with a
35 mm long ZI, and only 0.30 mm deviation with a 10 mm long con-
ventional dental implant. However, dynamic navigation guided place-
ment of ZIs tends to achieve accurate 3D positioning of the implant exit
point over the translational errors at the entry point. In the current
investigation using the robotic arm, changing the ZI implant length from
35 to 50 mm did not directly impact on the recorded implant deviations.
A moderate negative correlation was noted between the e trajectory
length and the deviation of the entry point of the implants (Pearson’s
correlation coefficients: r=-0.540 with p value 0.031),. The correlation
was less with deviations of the exit point, and the angular deviations of
the implants (r=-0.373 with p value of 0.155, and r=-0.073 with p value
of 0.789, respectively).

In the current investigation, the mean ± SD values of the 3D de-
viations of implant entry and exit points as well as the angular deviations

were 1.80 ± 0.96 mm, 2.80 ± 0.95 mm, and 1.74 ± 0.92 degrees,
respectively. The exit point deviations of the placed implants in the
upward, backward and medial directions are of clinical importance due
to the adjacent anatomical structures; mainly the orbital floor and the
infra-temporal fossa. The distribution of these safety-related deviations
in our study suggests that the current prototype is considered to be
“clinically acceptable” according to the recent meta-analysis looking at
dynamically-guided manual ZI placement which indicated an overall
exit point accuracy of 2.95 mm with a confidence interval range of 1.66
to 4.24 mm [26]. Hung et al. considered a 2.15 ± 0.95 mm deviation at
the exit point of ZI to be “safe” despite the fact that the maximum value
reached 4 mm [25]. In a clinical study, Bhalerao et al. demonstrated the
successful placement of zygomatic implants using dynamic navigation
despite the 2 mm entry point, 5 mm exit point, and 6 degrees angular
deviations, with no morbidities reported in their study [6,7]. Therefore,
the results of our study are considered clinically acceptable with a
recommendation for further refinements to improve the reproducibility
and reduce the ZI placement errors [25,26]. Wang et al., reported ranges
of 0.57–1.22 mm, 0.80–2.13 mm, and 0.91◦–1.58◦, for entry point, exit
point and angular deviation, respectively for zygomatic implant place-
ment with robotic assistance. Their narrative review focused on the
recent studies for robotic assisted implant placement with strict inclu-
sion and exclusion criteria [59].

In a clinical study, a maximum error of 2.13 mm at the exit point with

Table 1
Pearson’s correlation coefficients to appreciate the associations between the force feedback recorded by the robotic arm (at the exit point of the trajectory) and the
actual ZI deviations.

SSpade STwist ZRound ZSpade ZTwist
(2.7)

ZTwist
(2.9)

ZSideC ZCSink ZImp. D.Mean D.Max

Correlation with Entry point 3D deviation
X Force -0.255 -0.458 -0.317 -0.313 -0.252 -0.520 -0.302 0.219 -0.154 -0.460 -0.441
Y Force 0.097 0.546 0.555 0.331 0.537 0.718 ** 0.397 0.195 0.354 0.586 * 0.521
Z Force -0.253 0.495 -0.560 -0.176 -0.256 -0.048 0.562 0.009 0.096 -0.099 -0.483
XY Force -0.111 0.041 0.422 0.082 0.268 0.003 0.241 0.254 0.266 0.268 0.258
3D Force -0.216 0.175 0.279 0.035 -0.095 -0.118 0.444 0.158 0.253 0.178 0.083
Correlation with Exit point 3D deviation
X Force -0.544 -0.845 ** -0.782 ** -0.647 * 0.008 -0.440 -0.560 0.026 -0.235 -0.832 ** -0.805 **
Y Force -0.006 0.229 0.852 ** 0.619 * 0.722 ** 0.434 0.575 0.356 0.009 0.700 * 0.670 *
Z Force -0.310 0.476 -0.122 -0.399 -0.568 -0.244 0.503 -0.033 -0.184 -0.216 -0.408
XY Force -0.330 -0.407 0.527 0.151 0.536 0.006 0.242 0.291 -0.069 0.157 0.109
3D Force -0.386 -0.304 0.496 0.032 -0.207 -0.180 0.446 0.132 -0.185 0.033 0.015
Correlation with Angular deviation
X Force -0.407 -0.761 ** -0.835 ** -0.731 ** 0.276 -0.179 -0.531 -0.192 -0.305 -0.773 ** -0.750 **
Y Force -0.016 -0.131 0.705 * 0.471 0.492 0.044 0.433 0.224 -0.184 0.443 0.421
Z Force -0.263 0.152 0.207 -0.590 * -0.782 ** -0.383 0.183 -0.160 -0.372 -0.431 -0.402
XY Force -0.241 -0.546 0.322 -0.024 0.516 0.007 0.086 0.038 -0.283 -0.066 -0.109
3D Force -0.281 -0.528 0.376 -0.165 -0.402 -0.211 0.183 -0.104 -0.466 -0.247 -0.160

Star symbols indicate statistically significant correlations in terms of p value : ** < 0.01, * < 0.05. SSpade = short spade drill; STwist = short twist drill 5.0Φ; ZRound=

zygomatic round drill; ZSpade = zygomatic spade drill; ZTwist = zygomatic twist drill; ZSideC = zygomatic side-cutting drill; ZCSink = zygomatic counter-sink drill;
ZImp. = zygomatic implant placement stage; D.Mean = mean drilling force; D.Max. = maximum drilling force. The photograph at the bottom of the table demonstrates
the direction of the x, y and z force vectors: x is superior-inferior parallel to the long axis of the handpiece, y is mediolateral perpendicular to the long axis of the
handpiece, and z is inward-outward (in relation to both the drill and the robotic end effector).
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the use of semi-active robotics for placement of ZIs was reported [34].
Interestingly, the maximum value of angular deviation also occurred
with a right posterior ZI [34], which was similar to the maximum
angular deviation of 3.25◦ that was associated with a posterior right ZI
in our study. The authors believe that this common observation could be
related to some mechanical limitation of the robotic arm joints while
drilling in this position. It is less likely that the variation is related to the
optical tracking system as the processes of tracking and registration
were identical when drilling in the anterior right trajectory position.

Manual placement of ZIs guided by dynamic navigation took 8.68 ±

0.58 minutes after comprehensive training [27]. The surgical time with
the current robotic prototype system was about eight-fold, 66.8 minutes
(± 8.8 min). Therefore, further refinements of the dynamic
navigation-guided robotic placement of ZIs should be directed towards
the automation of the multiple registration, calibration and checking
steps. To maximize the accuracy of the automated implant placement,
we followed a strict calibration-registration-verification process which
added ~15 min per trajectory. Although no time was required to
re-calibrate every drill, there was a concern that the spatial relationship
between the plastic model and the base of the robotic arm may undergo
minor mechanical shifts during osteotomies. Therefore, frequent robotic
arm pose reproducibility checks were carried out by approaching the
exit point as if the final ZI twist drill was attached (i.e., these checks were
carried out without attaching an actual drill to the handpiece). Based on
these checks, the robotic registration had to be refined often. Similar
“handpiece-in-air” testing was conducted before the ZI placement step,
to check the functionality of the automated power switch-off hardware,
which further added ~7 min per trajectory.

The advancing speed of the robotic arm drilling was set at a mini-
mum rate of ~0.5 mm/second to avoid damage to the drills and the
handpiece during the preparation of the implant site as well as to allow
for the cutting of the model’s tough material. This minimum advancing
speed setting has also added to the overall duration of the procedure.
Likewise, the registration of the robotic arm was time-consuming (23.8
± 7.0 min). Time saving may be considered one of the advantages of the
passive robotic placement of dental implants [43]. To enhance the ef-
ficiency of the current system, future developments should focus on the
automation of the initial registration steps, the incorporation of less
frequent checks or the automation of these checks (e.g., by tracking
three optical trackers simultaneously with automated trajectory refine-
ment), and the utilisation of sharper drills which would encourage
increased osteotomy advancing speed and possibly a reduced number of
drilling steps.

Regarding the force feedback data, there was a tendency of higher
deviations in ZI placement with the reduced mean drilling forces. The
possible explanation of this finding is that the drills did not cut enough
resin to allow the smooth placement of the implant which has contrib-
uted to the noted deviations.

The observed correlations with the component force vectors indicate
that high resistance forces perpendicular to the long axis of the contra-
angle handpiece (i.e., y force vector) were associated with more de-
viations of the placed implant. On the other hand, the resistance forces
which were parallel to the long axis of the handpiece, as seen in the x
force vector, were associated with less deviations, and may have arisen
from the resistance encountered during the cutting of the resin. These
associations can be most beneficial at the stage of drilling with the round
zygomatic drill. It is expected that a low value of the x force vector and a
high value of the y force vector would result in more errors in the
implant placement.

It is important to highlight that the drilling forces were recorded at
the end effector of the robotic arm rather than the cutting edge of the
drill itself. Advanced force sensors are required to allow a more
comprehensive exploration of the relationship between the generated
cutting force and the deviations of the implant placement. These sensors
would be expected to improve the overall safety of the system. Sharma
et al., suggested the use of flexible drilling with a steering cannula to

reduce the stress and strain during the simulated spinal fixation pro-
cedure [60]. Hard-tissue lasers could be a useful alternative for bone
cutting to reduce the exerted forces needed for the robotic placement of
ZIs.

In summary, results presented in this study are encouraging, the
main limitations that should be addressed before progressing to clinical
applications are related to the high technical and time demands of the
procedure. The technical steps should be further simplified and the
overall accuracy improved before the developed system is ready for
clinical use.

5. Conclusions

The current prototype integrated system showed promising results
for dynamic navigation-guided placement of zygomatic implants using a
six-jointed robotic arm. The resulting 3D deviations were 1.80 ± 0.96
mm, 2.80 ± 0.95 mm, and 1.74 ± 0.92 degrees for the entry point, exit
point and angular deviation of the ZIs, respectively. The clinically-
relevant exit point deviations were 2.07 ± 1.11 mm in the upward di-
rection, 1.45 ± 1.06 mm in the backward direction, and 1.30 ± 1.04 mm
in the medial direction. The overall registration time was 23.8 ± 7.0 min
while the operative time excluding registration was 66.8 ± 8.8 min for
each trajectory.

Further suggested improvements include the automation of proce-
dural steps to reduce technical difficulties and time demands. The in-
clusion of force and torque sensors would be desirable to circumvent the
anatomical variations which are encountered along the drilling
trajectory.
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