Yang et al. BMC Oral Health (2025) 25:474 BMC Oral Hea|th
https://doi.org/10.1186/512903-025-05848-z

: ®
Evaluation of accuracy and membrane G

perforation in robotic-assisted implant
surgery for transalveolar sinus floor elevation:
a retrospective case series
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Abstract

Background The potential of the robotic system for transalveolar sinus floor elevation (TSFE) with simultaneous
implant placement has not been verified. This study aimed to assess implant placement accuracy and membrane
perforation in robotic computer-assisted implant surgery (r-CAIS) for TSFE.

Methods Patients who underwent r-CAIS for TSFE were enrolled in this study. Positioning markers were placed

in the patient’s oral cavity, and cone-beam computed tomography (CBCT) was performed. Subsequently, the surgical
plan was generated using robotic software. After the markers were registered with the robotic arm, TSFE and implant
placement were performed using the robotic arm and crestal approach sinus (CAS) kit drills under the control

of the surgeons. Deviations between the planned and placed implants were assessed using preoperative and post-
operative CBCT data. In addition, perforation of the Schneiderian membrane was evaluated intraoperatively using
the Valsalva maneuver and postoperatively using CBCT images.

Results Ten patients were enrolled, and no adverse events occurred during the surgery. The mean global coro-

nal, global apical, and angular deviations were 0.55+0.20 mm (95% confidence interval [CI]: 0.41 to 0.69 mm),
0.5640.23 mm (95%Cl:0.40 to 0.73 mm), and 1.38+0.83° (95%Cl: 0.78 to 1.97°), respectively. No membrane perfora-
tion was observed during or after the surgery.

Conclusions Within the limitations of this study, r-CAIS for TSFE showed high accuracy and a low membrane perfora-
tion rate.

Keywords Implant placement, Transalveolar sinus floor elevation, Computer-assisted implant surgery, Crestal
approach sinus kit, Robotic surgery

Background
The accuracy of dental implantation is closely linked to
the aesthetic outcomes and long-term stability of the
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At present, three primary types of computer-assisted
technologies are utilized in dental implant surger-
ies: static computer-assisted implant surgery (s-CAIS),
dynamic computer-assisted implant surgery (d-CAIS),
and robotic computer-assisted implant surgery (r-CAIS).
An in vitro study indicated that the accuracy of d-CAIS
was comparable to that of s-CAIS and surpassed that of
freehand implantation [4]. Despite their success, both
s-CAIS and d-CAIS have inherent limitations. The use
of surgical guides in s-CAIS affects cooling and increases
the risk of thermal injury to the bone [5]. Furthermore,
because of their prefabricated nature, modifications
to the surgical plan during surgery are not feasible [1,
6]. d-CAIS also demands a specific learning curve and
necessitates continuous adjustment of the surgeon’s
vision between the surgical area and the computer screen
during surgery [7, 8]. Furthermore, compared with that
used in freehand implantation, the handpiece used in
d-CALIS has a greater weight and volume, and this further
increases the surgeon’s fatigue during the procedure [1].

The advent of r-CAIS has ushered in transforma-
tive advancements in computer-assisted technologies
[3, 9]. In vitro studies have indicated that the precision
of r-CAIS surpasses that of both s-CAIS and d-CAIS
[1, 10]. In addition, in a meta-analysis of 67 studies,
r-CAIS exhibited lower deviations than did s-CAIS and
d-CAIS. The results showed that s-CAIS, d-CAIS and
r-CAIS exhibited a mean coronal deviation of 1.11 mm,
1.18 mm, and 0.81 mm, respectively; a mean apical devia-
tion of 1.44 mm, 1.36 mm, and 0.77 mm, respectively;
and a mean angular deviation of 3.58°, 3.51°, and 1.71°,
respectively [11]. In other studies, r-CAIS achieved high
accuracy in single-tooth [12], immediate [13], and fully
edentulous implant placement [14]. However, evidence
of its usefulness for maxillary sinus elevation remains
limited.

Surgery for implant placement in the posterior max-
illa is inherently complex because of the proximity
to the maxillary sinus. The presence of the maxillary
sinus results in inadequate bone availability, necessitat-
ing additional bone augmentation surgery to complete
the implantation procedure [15]. Sinus lift surgery has
emerged as the preferred approach to address this chal-
lenge [16]. This surgical intervention typically involves
lateral window sinus floor elevation and transalveolar
sinus floor elevation (TSFE) [17], with the latter being
particularly recommended for mild to moderate alveolar
ridge atrophy [18, 19].

However, because TSFE is a highly technical proce-
dure, prevention of postoperative complications can
be challenging. TSFE was initially introduced by Sum-
mers [20], who used a specialized osteotome to elevate
the sinus floor along with the Schneiderian membrane.
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Nevertheless, the application of Summers TSFE is limited
because of the discomfort experienced by patients during
the percussive process, as well as postoperative complica-
tions such as headache, swelling, and benign paroxysmal
vertigo, which has an incidence of 5.84% [21, 22]. Mem-
brane perforation is another notable concern; a system-
atic review reported a membrane perforation rate of 0 to
21% [23].

Various nonpercussive sinus lift techniques have
been utilized to improve the management of intraop-
erative discomfort during Summers TSFE and minimize
the associated complications [19, 24, 25]. The crestal
approach sinus (CAS) kit, which uses a specialized inter-
mittent, non-cutting drill that preserves the integrity of
the Schneiderian membrane while penetrating the sinus
floor, has indicated safety and efficacy when used for
TSFE [26, 27]. However, the surgeon’s proficiency sig-
nificantly influences the success of this approach because
the drills must be retracted when encountering a sudden
decrease in bone resistance. In an ex vivo study, the inci-
dence of membrane perforation was 8.3% [28]. Therefore,
more precise instruments are required to replace subjec-
tive assessments based on the surgeon’s experience.

In a recent model study, r-CAIS was equipped with a
real-time force feedback function that provided sur-
geons with a reliable point of reference during TSFE
[27]. Another clinical case report demonstrated the fea-
sibility of r-CAIS for TSFE [29]. However, further clinical
studies are required to confirm the efficacy of this tech-
nique. Thus, the aim of the present study was to integrate
r-CAIS with CAS kit drills to facilitate a safer TSFE pro-
cedure with enhanced implant placement accuracy.

Methods

Study design and population

This was a retrospective case series evaluating the util-
ity of r-CAIS for TSFE with simultaneous implant place-
ment. The study protocol was approved by the local
Ethics Committee (No. 202412A) and followed the
guidelines of the Declaration of Helsinki. Patients were
identified from specialized records in the Department of
Implant Dentistry between Dec 2023 and May 2024. All
patients received a comprehensive explanation of poten-
tial intraoperative and postoperative complications and
subsequently provided written informed consent.

The inclusion criteria were as follows: (1) TSFE with
r-CAIS and CAS kit drills (OSSTEM, Seoul, South Korea,
Fig. 1A), (2) absence of significant inflammation or cyst
formation in the maxillary sinus, (3) age>18 years, (4)
no smoking or light smoking (<10 cigarettes/day), (5)
satisfactory treatment compliance, and (6) good general
health and oral hygiene. The exclusion criteria were as
follows: (1) uncontrolled systemic or periodontal disease,
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Fig. 1 Workflow during r-CAIS for TSFE. A CAS kit drill. B r-CAIS workflow. C Robotic system

(2) general contraindications for implant placement, (3)
pregnancy or lactation, (4) heavy smoking (>10 ciga-
rettes/day) or alcoholism, (5) allergic rhinitis and chronic
recurrent sinusitis, (6) local aggressive benign or malig-
nant tumors, and (7) insufficient medical compliance.

r-CAIS workflow

The r-CAIS workflow was divided into preoperative,
operative, and postoperative phases, as illustrated in
Fig. 1B.

Preoperative phase

The robotic system (Remebot, Baihui Weikang, Beijing,
China, Fig. 1C) was preheated and debugged to ensure
regular operation of the hardware and software. Patients
were administered antibiotics 30 min before the surgery
and instructed to rinse their mouths with a 0.12% chlo-
rhexidine solution three times for 1 min each. A univer-
sal positioning marker with seven ceramic balls (Baihui
Weikang, Beijing, China) was selected based on the sur-
gical region. Subsequently, the teeth on the contralateral
side were selected and dried, and self-curing acrylic resin
(Protemp'", 3 M ESPE, Neuss, Germany) was injected

IR

into the marker and placed in the patients’ teeth until
it solidified. Subsequently, the patients were directed to
bite down on a piece of gauze to prevent contact with
the marker, and CBCT (KAVO, Biberach, Germany) was
performed with parameters set at 120 kV/1.38 mA, a
0.25-mm voxel size, and a scanning time of 26.9 s. Digi-
tal Imaging and Communications in Medicine (DICOM)
format data were then transferred to the robotic software
for preoperative planning. After the surgeon and engi-
neer confirmed the details, a specialized surgical plan
was generated. For improved visualization of the real-
time positional relationship between the drills and the
maxillary sinus floor, the latter was demarcated with a
yellow line in the software (Fig. 2).

Operative phase

After intraoral and extraoral disinfection three times,
local infiltration anesthesia was administered using Pri-
macaine® (4% Articaine, 1:100,000 adrenaline, ACTEON,
Merignac, France). Following the onset of anesthesia, a
linear incision was made in the mucosa of the surgical
area after positioning of the marker (Fig. 3A), and the
robotic arm was registered. The mucoperiosteal flap was

Fig. 2 Preoperative surgical design of coronal plane for each case. The sinus floor is marked with a yellow line
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Fig. 3 TSFE using r-CAIS. A A universal positioning marker. B The surgery is guided by a robotic arm. C Real-time computer screen showing

the robotic surgery

elevated, and any remaining granulation tissue on the
bone surface was removed. Subsequently, the surgeon
maneuvered the robotic arm near the surgical area and
directed it to perform the procedure (Fig. 3B). The avail-
able bone volume and depth were assessed in the soft-
ware, according to the presurgical design, at 1.5-2.0 mm
from the sinus floor. Then, the relevant serial drills of the
implant system were used to reach the drilling depth.
Subsequently, a CAS kit drill with an appropriate diam-
eter was selected, and the r-CAIS system was switched
to the TSFE mode (Fig. 3C). The robotic arm automati-
cally retracted when a sudden decrease in resistance

XYhEH

was indicated by the system, with real-time monitoring
of force value changes during the lifting process (Fig. 4).
Sinus floor bone penetration was manually verified using
a depth gauge. Concurrently, Schneiderian membrane
perforation was assessed using the Valsalva maneuver. A
bone substitute material (Bio-oss, Geistlich, Wolhusen,
Switzerland) was gradually introduced into the cavity
several times and gently pressurized to elevate the Sch-
neiderian membrane. After repeated Valsalva maneu-
vers, the implant was placed by the robotic arm. If the
insertion torque exceeded 15 N.cm, a healing cap was
installed. Conversely, if the value was less than 15 N.cm, a

Fig. 4 Real-time force feedback system interface for TSFE using r-CAIS. A Low bone density near the sinus floor. B High bone density near the sinus

floor
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cover screw was installed. The wounds were sutured with
nonabsorbable polypropylene sutures (Ethicon, Johnson
& Johnson, New Jersey, United States).

Postoperative phase

The patients received instructions for postoperative
care and were asked to refrain from flying or diving for
2 weeks. They were also instructed to avoid blowing their
noses with excessive force and to rinse their oral cavities
with a 0.12% chlorhexidine solution twice daily for 7 days.
Furthermore, they were prescribed oral systemic antibiot-
ics (0.25 g cefaclor, three times daily for 7 days) and anal-
gesics (0.5 g acetaminophen tablets, three times daily as
needed). The sutures were removed 2 weeks after surgery.

Accuracy analysis

After the surgery, the patients underwent postopera-
tive CBCT scanning. The DICOM data acquired before
and after surgery were incorporated and assessed using
robotic software (RemebotDent, Baihui Weikang, Bei-
jing, China). Subsequently, utilizing the central axis of
both the planned and placed implants (Fig. 5) as refer-
ence, the robotic software generated an accuracy report,
including coronal (global, lateral, and vertical) and apical
(global, lateral, and vertical) deviations in millimeters as
well as the angular deviation in degrees.
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Evaluation of Schneiderian membrane perforation

After the surgical procedure, Schneiderian membrane
perforation was assessed using the Valsalva maneuver.
Postoperative CBCT was subsequently performed to
assess Schneiderian membrane integrity. Evaluations
were conducted by two oral and maxillofacial radiolo-
gists, each with over five years of specialized experi-
ence in CBCT analysis for TSFE. The reviewers were
blinded to surgical protocols and patient outcomes,
and assessments were conducted according to the fol-
lowing criteria: (1) observation of a tent-like elevation
of the membrane surrounding the apex of the implant
and (2) the absence of any obstructions beyond the
Schneiderian membrane in the maxillary sinus on
X-ray images, such as low-density sanguineous flu-
ids or high-density particles of the bone substitute
material.

Statistical analysis

Quantitative data are expressed as standard descriptive
statistics, encompassing means, standard deviations,
maximum and minimum values, and upper and lower
95% confidence intervals (CIs). All statistical analyses
were conducted using SPSS software (version 23.0; IBM
Corp., New York, United States).

@®Global coronal deviation
(@Lateral coronal deviation
(®Vertical coronal deviation
@Global apical deviation
(®Lateral apical deviation
(® Vertical apical deviation

@Angular deviation

Fig. 5 Graphical representation of deviations between the planned and placed implants
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Results

Patient characteristics

In total, ten patients, including five male and five female
patients aged 26-60 (mean: 42.8+11.9) years, were
enrolled. All patients underwent TSFE surgery with
concurrent implant placement, and none experienced
surgical complications or postoperative events. Table 1
provides an overview of the demographic and surgi-
cal characteristics of the patients. One premolar and

Table 1 Demographic and surgical characteristics of patients
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nine molars required replacement with implants in
this study. Cylindrical implants with diameters rang-
ing from 4.2 to 4.8 mm and lengths ranging from 8 to
11 mm were used. The insertion torque varied from 5 to
35 N.cm.

Accuracy
Figure 6 depicts the pre- and postoperative fusion images,
and Table 2 presents the quantitative outcomes. The

Patient No Age Sex Site Implant type Implant Implant size Insertion
geometry Torque (N.cm)

I 39 M 15 Astra EV cylindrical 42x8 5

Il 60 F 16 Astra EV cylindrical 4.8%9 10

Il 39 M 16 Astra EV cylindrical 4.8x%8 10

% 35 M 17 Astra EV cylindrical 4.8x8 5

\% 33 M 26 Astra EV cylindrical 4.8%8 10

VI 36 F 26 Straumann BL cylindrical 4.8%8 35

Vil 44 M 26 Astra EV cylindrical 4.8x8 35

VIl 26 M 26 Astra EV cylindrical 4.8%8 15

IX 57 F 26 Astra EV cylindrical 48x11 35

X 59 F 26 Astra EV cylindrical 42%9 10

VI

Fig. 6 CBCT fusion images of the planned and placed implants for each case. The transverse, coronal, and sagittal planes are indicated by the first,
second, and third lines, respectively. Planned implants are outlined in red, and the placed implants are outlined in green

Table 2 Descriptive statistics for implant deviations

Deviation Mean Standard Max Min Median Lower 95% Cls Upper 95% Cls
deviation
Global coronal deviation (mm) 0.55 0.20 0.78 0.18 057 041 0.69
Lateral coronal deviation (mm) 0.44 012 057 0.18 0.46 035 0.53
Vertical coronal deviation (mm) 0.02 037 0.62 -0.55 0.06 -0.25 0.28
Global apical deviation (mm) 0.56 0.23 0.95 0.27 0.56 0.40 0.73
Lateral apical deviation (mm) 046 0.16 0.76 0.27 042 035 0.58
Vertical apical deviation (mm) 0.02 037 0.62 -0.56 0.06 -0.25 0.28
Angular deviation (o) 1.38 0.83 32 045 1.22 0.78 1.97
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mean global, lateral, and vertical coronal deviations were
0.55+0.20 mm (95%CIL:0.41 to 0.69 mm), 0.44+0.12 mm
(95%CL:0.35 to 0.53 mm) and 0.02+0.37 mm
(95%CI:—0.25 to 0.28 mm), respectively. The mean global,
lateral, and vertical apical deviations were 0.56 + 0.23 mm
(95%CI:0.40 to 0.73 mm), 0.46+0.16 mm (95%CI:0.35 to
0.58 mm), and 0.02 +0.37 mm (95%CI:—0.25 to 0.28 mm),
respectively. The mean angular deviation was 1.38 +0.83°
(0.78 to 1.97°). Figures 7 and 8 show the global coronal,
global apical, and angular deviations for each case.
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Schneiderian membrane evaluation

Schneiderian membrane perforation was not identified
during the intraoperative Valsalva maneuver or subse-
quent postoperative assessment using CBCT in any case,
as illustrated in Fig. 9.

Discussion

This study indicated the potential of r-CAIS as a viable
technology for TSFE with simultaneous implant place-
ment. The mean global coronal, apical, and angular

Il Global coronal deviation
I Global apical deviation

Vi Vil Vil

Case number

Fig. 7 Global coronal and apical deviations in each case
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Fig. 8 Angular deviation in each case
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Fig.9 Postoperative CBCT image of each case

deviations were 0.55+0.20 mm, 0.56+0.23 mm, and
1.38 £0.83°, respectively. Notably, no membrane perfo-
ration was observed. To the best of our knowledge, this
is the first case series to investigate the application of
r-CAIS for TSFE with simultaneous implant placement,
thereby expanding the current literature on this emerging
technique.

s-CAIS and d-CAIS have indicated high accuracy in
implant placement surgery. A multicenter, retrospec-
tive clinical study involving 61 implants revealed that
the mean coronal, apical, and angular deviations with
s-CAIS were 0.73 mm, 1.06 mm, and 2.94°, respectively
[6]. Furthermore, a meta-analysis of 24 clinical stud-
ies indicated that the entry and angular deviations with
d-CAIS were 1.03 mm and 3.68°, respectively [30]. How-
ever, it should be noted that the observed deviations sig-
nificantly exceeded those observed in the present study;
this indicated that the accuracy of r-CAIS surpasses that
of s-CAIS and d-CAIS.

The maxillary posterior regions generally present with
low bone density and reduced bone volume. Although
short implants have been reported to be successfully
applied in atrophic posterior jaws [31, 32], TSFE remains
the most commonly employed procedure, utilizing
longer implants to achieve enhanced biomechanical sta-
bility. In such cases, precise implant placement is cru-
cial to minimize stress on the implants after restoration.
Computer-assisted surgery, such as s-CAIS, can help
minimize deviations. A randomized controlled clinical
trial revealed that fully guided s-CAIS for TSFE resulted
in platform, apical, and angular deviations of 1.37 mm,
1.85 mm, and 4.69°, respectively, whereas partially
guided s-CAIS for TSFE yielded even higher deviations
of 2.02 mm, 2.57 mm, and 6.65°, respectively [33]. These
deviations were significantly greater than those observed
in our study, possibly because of introduction of the
robotic arm. According to the manufacturer’s data, the
repeatability accuracy of the robotic arm is 0.033 mm,

enabling precise implementation of the surgical plan. In
addition, the robotic arm demonstrates exceptional sta-
bility during surgery, whereas s-CAIS requires surgeons
to manually hold the guides, leading to inevitable devia-
tions resulting from inherent errors associated with the
gap between the metal sleeves and drills [10].

Given the lack of research related to the utilization of
r-CAIS for TSFE, we performed a comparative analysis
with extant studies on r-CAIS used in other facets of den-
tal implantation. A case series on single-tooth implant
placement using r-CAIS revealed mean coronal, apical,
and angular deviations of 0.74+0.29 mm, 0.73 £ 0.28 mm,
and 1.11+0.46°, respectively [12]. A retrospective study
involving fully edentulous patients demonstrated mean
coronal, apical, and angular deviations of 0.67 £ 0.37 mm,
0.69+0.37 mm, and 1.27+0.59°, respectively [14].
These studies were as sound and consistent as the pre-
sent study; however, the angular deviation (1.38 +£0.83°)
observed in the present study was marginally higher
than that reported in the aforementioned studies, possi-
bly because the implants in the present study had their
apices partially submerged in the maxillary sinus, which
could potentially lead to increased axial deviations dur-
ing the surgical procedure.

Membrane perforation is the most prevalent compli-
cation of TSFE [34]. This study employed the Valsalva
maneuver during surgery and postoperative evaluation
using CBCT to determine the presence of Schneiderian
membrane perforation, as recommended in previous
studies [35-37]. Our verification using both methods
indicated that r-CAIS for TSFE effectively protects the
Schneiderian membrane, given the absence of membrane
perforation in this study.

The diverse morphology of the maxillary sinus floor
plays a pivotal role in the incidence of membrane perfo-
ration during TSFE. Specifically, a steep sinus floor mor-
phology is associated with a higher risk of membrane
perforation than is a flat morphology [27]. In the present
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study, cases involving a steep sinus floor morphology
(Cases I, 11, V, and VII) did not exhibit membrane per-
foration, possibly because of the incorporation of a real-
time force feedback system within the r-CAIS device.
This real-time force feedback system played a crucial role
in ensuring high accuracy and minimizing membrane
perforation during the TSFE procedure. Throughout the
procedure, the real-time position and axial orientation
of the implant were presented on a computer screen that
typically features depth cues along with live displays of
the transverse, coronal, and sagittal positions. This ena-
bles surgeons to intuitively recognize subtle errors that
may arise during implantation, allowing for timely adjust-
ments [3].

In addition, in contrast to previous nonpercussive
TSFE techniques (compared with the Summers method)
[19, 24, 25, 36], our approach for penetration of the sinus
floor did not rely on the subjective perception of the sur-
geons. Instead, it was guided by the mechanical feed-
back system of r-CAIS. Throughout the procedure, the
resistance of the bone to the drills was transmitted to the
robotic arm. As shown in Fig. 4, the resultant force acting
on the drill comprises components along the X, Y, and Z
axes. When a sudden decrease in the resultant force is
detected, the robotic system promptly receives feedback
and rapidly retracts its arm. According to the manufac-
turer, the response time can be as fast as 0.06 s.

During the drilling process, the robotic arm adjusts the
drilling depth based on the applied force. The manufac-
turer incorporates three features into the r-CAIS TSFE
system. First, when the resultant force falls below 8 N.cm,
the system advances the drill by 0.2 mm (Fig. 4A, indi-
cated by the red arrow). Second, when the resultant force
ranges between 8 and 12 N.cm, in situ cutting occurs
until the resultant force decreases below 8 N.cm (Fig. 4B,
indicated by the red arrow). Third, if the resultant force
exceeds 12 N.cm, the system retracts the drill by 0.2 mm
to minimize stress on the bone. This 0.2-mm increase in
the drilling depth closely resembles the drilling proce-
dure with the manual CAS kit, which has serial depth-
restricting metal sleeves leading to depth restriction in
increments of 1 mm per surgery [26]. However, intro-
duction of the robotic arm has significantly enhanced the
operative sensitivity from 1 mm to 0.2 mm.

Moreover, during the drilling overshot process, the
force feedback system of r-CAIS consistently controls the
peak force value. If this force undergoes an abrupt 70%
decrease and demonstrates a downward trajectory across
four consecutive calculation cycles, the de-drilling mech-
anism is engaged, leading to immediate withdrawal of
the robotic arm. This process can also be programmed to
effectuate a complete fracture and withdrawal if the drills
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detect a pressure drop below 4 N.cm for two consecutive
calculation cycles.

In this study, the incidence of lower membrane per-
foration was associated with the use of CAS kit drills.
These drills are characterized by a drill tip with a counter
tapered configuration, which promotes the formation of
a conical bone fragment during the drilling process. This
design facilitates successful membrane elevation and has
been previously reported to achieve favorable clinical
outcomes in cases with severe alveolar bone resorption
[26, 38]. Moreover, the bone particles generated during
drilling are expelled in an upward direction, thereby facil-
itating automatic lifting of the membrane [27].

Notably, in this study, no intra- or postoperative
adverse events or complications were reported. The con-
ventional Summers technique employs a bone hammer
and specialized instruments to penetrate the sinus floor.
This percussive action can increase patient discomfort
and anxiety during the procedure, potentially leading to
benign paroxysmal vertigo and other related complica-
tions [21]. Although the improved nonpercussive free-
hand surgical method mitigates these issues, it relies on
the surgeon’s subjective experience, which may increase
the risk of surgical errors [28]. In this study, we applied
r-CAIS combined with CAS kit drills to effectively
address the challenges associated with conventional tech-
niques used for TSFE. This innovative technology shows
promise for future applications.

The use of r-CAIS for TSFE resulted in significant
accuracy and a low incidence of membrane perfora-
tion. However, this study has several limitations. First,
the preoperative procedures for r-CAIS are intricate
and involve presurgical CBCT scanning, marker instal-
lation, preoperative design, and registration and calibra-
tion. These procedures prolong the surgical duration and
may increase patient discomfort. Thus, there is a need to
streamline the processes and enhance patient comfort.
Second, the robotic entrance trajectory is relatively fixed,
leading to limited access to the maxillary posterior tooth
regions, thus increasing the complexity of the surgery.
In case IV, we alternated between the manual and auto-
matic modes during the TSFE procedure for the maxil-
lary second molar. Further investigations should focus on
optimizing the effectiveness of robotic surgeries in cases
with limited mouth opening. Third, the sample size was
small without a control group, and the residual bone vol-
ume and sinus floor morphology were not categorized,
underscoring the need for larger-scale, multicenter, ran-
domized controlled trials to validate the clinical efficacy.
Finally, this study primarily focused on the accuracy
of r-CAIS and Schneiderian membrane perforation,
neglecting patient satisfaction and long-term clinical
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outcomes. Future studies should include these param-
eters to provide a more comprehensive assessment.

Conclusions

Within the context of the study limitations, the findings
indicate that the use of r-CAIS for TSFE with simultaneous
implant placement can substantially improve the implant
placement accuracy and preserve membrane integrity.
However, further prospective clinical studies are required
to substantiate and validate these observed outcomes.

Abbreviations

TSFE Transalveolar sinus floor elevation

CAS Crestal approach sinus

CBCT Cone-beam computed tomography

s-CAIS Static computer-assisted implant surgery

d-CAIS  Dynamic computer-assisted implant surgery
r-CAIS Robotic computer-assisted implant surgery
DICOM  Digital Imaging and Communications in Medicine
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