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Accuracy of dental implant placement
using different dynamic navigation and
robotic systems: an in vitro study
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Zonghe Xu1,2,5, Lin Zhou2,5, Bin Han1, ShuangWu3, Yanjun Xiao2, Sihui Zhang1, Jiang Chen1,
Jianbin Guo 2 & Dong Wu 2,4

Computer-aided implant surgery has undergone continuous development in recent years. In this
study, active and passive systems of dynamic navigation were divided into active dynamic navigation
system group and passive dynamic navigation system group (ADG and PDG), respectively. Active,
passive and semi-active implant robots were divided into active robot group, passive robot group and
semi-active robot group (ARG, PRG and SRG), respectively. Each group placed two implants (FDI
tooth positions 31 and 36) in a model 12 times. The accuracy of 216 implants in 108 models were
analysed. The coronal deviations of ADG, PDG, ARG, PRG and SRG were 0.85 ± 0.17mm,
1.05 ± 0.42mm, 0.29 ± 0.15mm, 0.40 ± 0.16mm and 0.33 ± 0.14 mm, respectively. The apical
deviations of the five groups were 1.11 ± 0.23mm, 1.07 ± 0.38 mm, 0.29 ± 0.15mm, 0.50 ± 0.19mm
and 0.36 ± 0.16mm, respectively. The axial deviations of the five groups were 1.78 ± 0.73°,
1.99 ± 1.20°, 0.61 ± 0.25°, 1.04 ± 0.37° and 0.42 ± 0.18°, respectively. The coronal, apical and axial
deviations of ADGwere higher than those of ARG, PRG and SRG (all P < 0.001). Similarly, the coronal,
apical and axial deviations of PDG were higher than those of ARG, PRG, and SRG (all P < 0.001).
Dynamic and robotic computer-aided implant surgery may show good implant accuracy in vitro.
However, the accuracy and stability of implant robots are higher than those of dynamic navigation
systems.

The three-dimensional location of dental implants must comply with the
principles of biology and mechanics. This is the basis of oral implant
therapy1,2. An ideal three-dimensional location not only avoids intra-
operative damage to important anatomical structures but also facilitates the
long-term masticatory and aesthetic performance of the implant3,4. In this
regard, advances in computer-aided implant surgery (CAIS) have received
widespread attention5–7. Static computer-aided implant surgery (s-CAIS)
and dynamic computer-aided implant surgery (d-CAIS) can be used for
osteotomy and implant placement without relying entirely on the dentist’s
experience8,9. They are associated with improved safety and accuracy of
implant surgery. In recent years, robotic computer-aided implant surgery
(r-CAIS) has further reduced the need for dental implant experience10.

Dynamic navigation systems can be categorised as active or passive
based on the mechanism of signal transmission11. The optical tracker in an
active dynamic navigation system captures infrared light emitted actively by
the signal source, while the optical tracker in a passive dynamic navigation

system captures infrared light reflected passively by the signal source12,13.
Implant robots can be categorised as active, passive, semi-active (e.g., co-
operated) or tele-operated based on the interaction between the dentist/oral
and maxillofacial surgeon and the robotic system14–16. The robotic arm of a
passive implant robot is not automated. It requires traction and assistance
from the dentist/oral and maxillofacial surgeon17. Semi-active implant
robots used for osteotomy and implant placement operate independently of
the dentist/oral andmaxillofacial surgeon; however, their robotic arms need
to be pulled by the dentist/oral and maxillofacial surgeon to enter and exit
the patient’s mouth18. Active implant robots can autonomously perform
preplanned operations, including the movement of the robotic arm in and
out of the patient’smouth. The surgeon is only responsible for changing the
surgical instruments, providing instructions and supervising the robot’s
operation19.

Both d-CAIS and r-CAIS are associated with improved safety and
accuracy of implant surgery compared to freehand implant surgery and
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s-CAIS19–22. In addition to traditional implant surgery, d-CAIS has been
used for dental implantation on edentulous jaw and zygomatic bone23,24.
Case reports of immediate implant placement and lateral and transalveolar
maxillary sinus floor elevation in d-CAIS have also been published25–27.
Implant robots have emerged as a promising CAIS technique in recent
years, and a large number of studies have analysed their accuracy in
restoring defective dentition, edentulous jaws, and placing zygomatic
implant. However, no study has explored and analysed the differences in
accuracy between dynamic navigation systems under varying signal trans-
mission and implant robots with a wide range of human-robot
interactions18,28,29. Therefore, this in vitro study analysed and evaluated the
implant accuracy of active and passive dynamic navigation systems and
active, passive and semi-active implant robots. Moreover, the effects of the
number of implant surgeries on the accuracy of dynamic navigation systems
and implant robots were compared. It was hoped that this study would
provide a reference for the clinical application of d-CAIS and r-CAIS.

Results
A total of 216 implants in 108 models were analysed. Surgeons 1, 2 and
3 successfully placed 144 implants in 72 models with active and passive
dynamic navigation systems (ADG and PDG), and surgeon 2 operated
active, passive and semi-active implant robots and successfully placed 72
implants in 36models (ARG, PRG and SRG) (Table 1, Table 2). The results
of Kolmogorov-Smirnov and Shapiro-Wilk tests revealed that the data for
each group were normally distributed. The 12 implant surgeries were

divided into four courses of exercise, and line graphs were plotted based on
the implant accuracy of the various dynamic navigation and robotic systems
during each exercise (Fig. 1).

The coronal deviations of ADG, PDG, ARG, PRG and SRG were
0.85 ± 0.17mm, 1.05 ± 0.42mm, 0.29 ± 0.15mm, 0.40 ± 0.16mm and
0.33 ± 0.14mm, respectively. The apical deviations of the five groups were
1.11 ± 0.23mm, 1.07 ± 0.38mm, 0.29 ± 0.15mm, 0.50 ± 0.19mm and
0.36 ± 0.16mm, respectively. The axial deviations of the five groups were
1.78 ± 0.73°, 1.99 ± 1.20°, 0.61 ± 0.25°, 1.04 ± 0.37° and 0.42 ± 0.18°,
respectively (Table 2). The coronal deviations of ADG and PDG were sta-
tistically different (P = 0.003). The coronal, apical and axial deviations of
ADG and ARG, ADG and PRG, ADG and SRG, PDG and ARG, PDG and
PRG, and PDG and SRG differed significantly (all P < 0.001). The apical
deviations of ARG and PRG were significantly different (P = 0.002). The
axial deviations of ARG and PRG, PRG and SRG, and ARG and SRG were
significantly different (all P < 0.001) (Table 2, Fig. 2).

Spearman’s correlation analysis showed that the coronal deviations of
the various dynamic navigation and robotic systems (ADG, PDG, ARG,
PRG and SRG) were not correlated with the number of implant surgeries
(r = 0.064, P = 0.767; r = -0.084, P = 0.697; r = –0.224, P = 0.292; r = –0.216,
P = 0.312; r = 0.309, P = 0.141), the apical deviations of ADG, PDG, ARG,
PRG and SRG were not correlated with the number of implant surgeries
(r = –0.223, P = 0.296; r = –0.119, P = 0.581; r = –0.312, P = 0.137;
r = –0.179, P = 0.403; r = 0.327, P = 0.119), and the axial deviations of ADG,
PDG, ARG, PRG and SRGwere not correlated with the number of implant

Table 1 | Description with the cohort of surgeons

Surgeon Professional
experience (yrs)

No. of implant
surgeries (times)

No. of implants
placed (pcs)

Surgical approaches

1 >1 24 48 Active and passive dynamic computer-aided implant surgeries

2 >5 24 48 Active and passive dynamic computer-aided implant surgeries

3 >10 24 48 Active and passive dynamic computer-aided implant surgeries

2 >5 36 72 Active, passive, semi-active robotic computer-aided implant
surgeries

Table 2 | Deviations between the planned and placed implants in terms of coronal (mm), apical (mm) and axial (°) deviations of
five groups

Group No. of
surgeon(s)

No. of
models

No. of
implants

Mean ± SD 95% CI Min-Max P valuea Multiple comparisonb

Coronal
deviation
(mm)

ADG 3 36 72 0.85 ± 0.17 0.81–0.89 0.43–1.21 <0.001 ADG < PDG (0.003) ARG < ADG (<0.001)
PRG < ADG (<0.001) SRG < ADG (<0.001)
ARG < PDG (<0.001) PRG < PDG (<0.001)
SRG < PDG (<0.001)

PDG 3 36 72 1.05 ± 0.42 0.96–1.15 0.12–2.30

ARG 1 12 24 0.29 ± 0.15 0.22–0.35 0.05–0.55

PRG 1 12 24 0.40 ± 0.16 0.34–0.47 0.16–0.73

SRG 1 12 24 0.33 ± 0.14 0.27–0.39 0.10–0.69

Apical
deviation
(mm)

ADG 3 36 72 1.11 ± 0.23 1.06–1.17 0.49–1.63 <0.001 ARG < ADG (<0.001) PRG < ADG (<0.001)
SRG < ADG (<0.001) ARG < PDG (<0.001)
PRG < PDG (<0.001) SRG < PDG (<0.001)
ARG < PRG (0.002)

PDG 3 36 72 1.07 ± 0.38 0.98–1.16 0.40–2.08

ARG 1 12 24 0.29 ± 0.15 0.23–0.36 0.06–0.56

PRG 1 12 24 0.50 ± 0.19 0.42–0.58 0.13–0.95

SRG 1 12 24 0.36 ± 0.16 0.30–0.43 0.07–0.71

Axial
deviation (°)

ADG 3 36 72 1.78 ± 0.73 1.61–1.95 0.54–3.27 <0.001 ARG < ADG (<0.001) PRG < ADG (<0.001)
SRG < ADG (<0.001) ARG < PDG (<0.001)
PRG < PDG (<0.001) SRG < PDG (<0.001)
ARG < PRG (<0.001) SRG < PRG (<0.001)
SRG < ARG (0.034)

PDG 3 36 72 1.99 ± 1.20 1.71–2.27 0.31–4.70

ARG 1 12 24 0.61 ± 0.25 0.51–0.72 0.09–1.09

PRG 1 12 24 1.04 ± 0.37 0.88–1.19 0.38–1.82

SRG 1 12 24 0.42 ± 0.18 0.34–0.49 0.05–0.69

ADG the active dynamic navigation, PDG the passive dynamic navigation, ARG the active robot, PRG the passive robot, SRG the semi-active robot, SD standard deviation, CI confidence interval,Min
minimum,Max maximum.
aOne-way ANOVA (P < 0.05).
bBonferroni method was used to compare the multiple means for homogeneity of variance; Tamhane’s T2 test was used to compare the multiple
means for heterogeneity of variance.

https://doi.org/10.1038/s41746-024-01178-6 Article

npj Digital Medicine | (2024)7:182 2



surgeries (r = –0.321, P = 0.126; r = –0.347, P = 0.097; r = –0.318, P = 0.130;
r = –0.108, P = 0.615; r = 0.038, P = 0.862).

Repeated-measures ANOVA showed that none of the exercise effects
of coronal, apical and axial deviations were statistically significant
(P = 0.795, P = 0.173, and P = 0.078, respectively), indicating that there was
no effect of the number of implant surgeries on the implant accuracy of the
five groups during the in vitro experiment. However, the between-group
effects for the coronal, apical and axial deviations were statistically sig-
nificant (all P < 0.001). This indicates the presence of significant differences
in implant accuracy among thefive groups.Moreover, the interaction effects
on the coronal, apical and axial deviations were not statistically significant
(P = 0.699, P = 0.165, and P = 0.362, respectively), indicating that the effect
of the number of implant surgeries on accuracy was not significantly dif-
ferent among the five groups (Table 3).

Discussion
During freehand implant surgery, poor dental operation techniques can
damage important anatomical structures such as the maxillary sinus
mucosa, inferior alveolar nerve, and blood vessels and nerves in the sub-
lingual space30,31. In addition, due to the narrow oral space and the
obstruction of oral soft and hard tissues, dentists/oral and maxillofacial
surgeonsmay not be able to complete implant surgery under direct vision32.

Therefore, in order to improve the accuracy of implant surgery and reduce
the related complications, digital technology has been increasingly utilised
in implant treatment20,33–35. At the end of the 1990s, s-CAIS, derived from
freehand surgery,was employed for implant surgery36,37.However, s-CAIS is
limited by its increased treatment duration due to guide fabrication,
increased implant deviation due to guide displacement, and insufficient
cooling of the surgical area due to guide placement38–41. The limitations of
s-CAIS have been addressed by d-CAIS20,42. Advances in industrial robotics
and the rapid popularisation of 3D imaging technology in the medical field
have led to the successful utilization of oral robots in multiple fields,
including prosthodontics, orthodontics, implants, endodontics, and oral
and maxillofacial surgery43–45.

Studies suggest that d-CAIS and r-CAIS will further improve the
accuracyof implant surgerywhile accelerating thedigital applications of oral
implants19,46–48. D-CAIS and r-CAIS have been successfully used to implant
placement on the edentulous jaw and zygomatic bone18,23,24,49. Studies have
also compared the implant accuracy of d-CAIS and r-CAIS50,51.However, no
studies have compared the implant accuracy of dynamic navigation systems
with different signal source transmissions and implant robots with different
human-robot interactions in the same experiment. To the best of our
knowledge, this experiment is the first in vitro study investigating the
implant accuracy of multiple dynamic navigation systems and implant
robots. Further, this study also evaluated the effect of the number of implant
surgeries on the accuracy of d-CAIS and r-CAIS.

The results of this study revealed that all three groups of r-CAIS
exhibited lower coronal, apical and axial deviations compared with d-CAIS
due to several factors. First, during the pre-operative preparation, the cali-
bration and registration processes of r-CAIS are achieved by the robotic
arm, which is stabler than in d-CAIS. Moreover, the calibration and regis-
tration processes involve automatic recognition of the robotic system. The
high stability of the robotic arm and the high accuracy of the automatic
recognition minimize any deviations of the robotic system52,53. Second,
implant robots respond to deviations appropriately within milliseconds.
The sensitivity of implant robots to deviations and the timeliness of re-

Fig. 1 | Deviation of four exercise courses for five groups. a Coronal deviation, (b) apical deviation, (c) axial deviation.

Fig. 2 | Box plots showing the median, quartile,
and range values for the deviations between the
planned and placed implants. a Box plot of the
coronal deviation, (b) Box plots of the apical
deviation, (c) Box plots of the axial deviation.

Table 3 | Repeated-measure analysis of variance (ANOVA) of
coronal (mm), apical (mm) and axial (°) deviations between the
planned and placed implants

Exercise
effects

Between-group
effects

Interaction
effects

F P F P F P

Coronal deviation (mm) 0.230 0.795 178.571 <0.001 0.688 0.699

Apical deviation (mm) 1.793 0.173 167.235 <0.001 1.519 0.165

Axial deviation (°) 2.360 0.078 56.723 <0.001 1.114 0.362
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planning the implant path enhance the implant accuracy54. Finally, sub-
jective factors such as hand-eye coordination, wrist strain and fatigue of the
dentist/oral and maxillofacial surgeon may also affect the implant accuracy
of d-CAIS55–57. When using a dynamic navigation system, dentists/oral and
maxillofacial surgeons need to switch back and forth between the operative
area and the computer screen. This may lead them to miss critical infor-
mation and, in turn, contribute to deviations. The high accuracy, efficiency
and stability of robots facilitate the accurate and efficient transfer of the 3D
positionof the implant in thepre-operativeplanning to thepatient’s implant
site58. Further, comparedwithhumans, robotsdonot suffer from fatigue and
thus, can maintain steady manipulation over a long period of time59,60.
Ruppin et al. suggested that hand tremors and undetected perceptions
contribute to 0.25mm of lateral deviation and 0.5° of angular deviation61.
However, the advantages of d-CAIS also need to be stated. For example,
when the surgeon holds the implant handpiece to perform osteotomy and
implant placement, the surgeon can determine the bone density of the
implant site based on the resistance and can adjust the sequence of the drill
accordingly in real time62. Currently, implant robots cannot display the bone
density at the implant site during surgery, whichmakes it impossible for the
surgeon to determine whether or not to modify the implant surgical pro-
cedure during r-CAIS.

Ye andWang et al.63 reported that the coronal, apical and axial deviations
of a dynamic navigation system at healed single tooth sites were
0.70 ± 0.30mm, 0.85 ± 0.25mm and 1.80 ± 0.70 °, respectively. The coronal,
apical and axial deviations of the implant robot at healed sites were
0.46 ± 0.29mm, 0.56 ± 0.30mmand1.36 ± 0.54°, respectively.Chen et al. also
compared the accuracy of d-CAIS and r-CAIS50. The coronal deviations of
d-CAIS and r-CAIS were 0.73 ± 0.20mm and 0.58 ± 0.31mm, respectively.
The apical deviations of d-CAIS and r-CAIS were 0.86 ± 0.33mm and
0.69 ± 0.28mm, respectively, and the axial deviations were 2.32 ± 0.71° and
1.08 ± 0.66°, respectively. The accuracies of d-CAIS and r-CAIS in this study
are consistent with these and other previous studies21,51. However, the afore-
mentioned studies involved only a single type of implant robot or dynamic
navigation system. Further, to date, no studies have explored or analysed the
effect of the number of implant surgeries on the accuracy of d-CAIS and
r-CAIS. The strength of this study lies in its exploration of the differences in
implant accuracy among the various dynamic navigation and robotic systems.

Spearman’s test revealed that the number of implant surgeries and
implant accuracy were not correlated in each group. Repeated-measures
ANOVA showed no statistically significant differences for the exercise and
interaction effects in five groups (ADG, PDG, ARG, PRG, SRG), and only
the between-group effects were statistically significant. This suggests that
neither d-CAIS nor r-CAIS exhibited changes in the implant accuracy with
increases in the number of implant surgeries. The effect of the number of
implant surgeries on implant accuracy did not significantly differ between
the five groups.However, the implant accuracy of each groupwas not equal.
Thefindings of Sun et al. andBlock et al.64–66 indicated that althoughd-CAIS
was associated with a learning curve, the implant accuracy of d-CAIS
remained unchanged after acquiring proficiency in the hardware and
software of the dynamic navigation system. Dentists with different implant
experiences display similar accuracy after reaching a plateau. The r-CAIS
procedure requires surgical instructions and supervision of the robotic
operation,which further reduces the role of thehuman in the accuracyof the
implant. Therefore, as long as dentists/oral and maxillofacial surgeons can
skillfully operate a robotic system, implant accuracy will not be affected58.

Comparison and analysis of the maximum coronal, apical and axial
deviations of d-CAIS and r-CAIS is useful in guiding the clinical application
of d-CAIS and r-CAIS. In ADG, the maximum coronal, apical and axial
deviations were 1.21mm, 1.63mm, and 3.27°, respectively. In PDG, the
maximum coronal, apical and axial deviations were 2.30mm, 2.08mm and
4.70°, respectively. These findings suggest the possibility of occasional large
deviations in d-CAIS. As suggested by Somogyi-Ganss67, even in d-CAIS,
surgical planning should still follow Worthington’s recommendation for a
safety distance of 2mm in the implant area, to ensure adequate safety and
avoid damage to important anatomical structures68. This study compared

the implant accuracy of dynamic navigation systems with different signal
source transmissions and implant robots with different human-robot
interactions in the same experiment. The results showed that themaximum
deviations of r-CAIS in the coronal, apical and axial deviations were sig-
nificantly less than those of d-CAIS. Thus, the high stability of the robotic
arm reduces the variability in surgical deviation. R-CAIS not only provides
physical guidance, as compared to s-CAIS, but also provides real-time
feedback with d-CAIS. This will be a focus of interest in the field of oral
implant surgery in the future. In orthopaedic surgery and neurosurgery,
where operating space is limited, the high stability and precision of robotic
surgery are also coming into play35,69. It will offer confidence for the wider
popularization and application of implant robots in the future.

The accuracy of imaging determines the efficacy of d-CAIS and
r-CAIS7,70. High-quality CBCT data are necessary for pre-operative plan-
ning and registration71. In this study, all imaging information was acquired
by the same operator in the sameCBCTmachine under similar parameters.
This strategy reduces the experimental error and increases the comparability
of implant accuracy between different groups.

In this study, the clinical environmentwas simulatedusingaheadmodel
and resin models. This differs from the actual clinical situation, where the
implant accuracy of d-CAIS and r-CAISmay also be affected by factors such
as blood, saliva, and oral and head movements72. It is unclear to what extent
dynamic navigation systems and implant robots would really work in vivo in
patients. Further, the resinmodels used in this studywere homogeneouswith
nodifferences in the density andhardness of each site73.However, the density
of patients’ jaws is not homogeneous. Thus, there is a need for future research
using animals or cadavers with different jawbone densities.

Further, the registration processes of d-CAIS and r-CAIS can be
categorized as invasive or non-invasive74. The invasive registration method
is mainly utilized in cases of edentulous jaw. All registration procedures in
this study were non-invasive and the implant sites were located in the
mandible. Studies in the future should investigate whether changes in the
registration processes and upper and lower jaws have impacts on the
accuracy of d-CAIS and r-CAIS.Another limitation of this study is that both
the dynamic navigation systems and the implant robots utilised were from
the same country. Future researchmaywish toutilise systems fromdifferent
manufacturers and different countries.

Notwithstanding the limitations of this study, it can be concluded that
the number of implant surgeries does not impact the accuracy of d-CAIS
and r-CAIS when performed by dentists/oral and maxillofacial surgeons
proficient in these procedures. Further, d-CAIS and r-CAISmay show good
implant accuracy in vitro. However, the accuracy and stability of r-CAIS are
higher than that of d-CAIS. With the continuous improvement and opti-
mization of digital technology, r-CAIS appears to be a promising surgical
approach. In future studies, additional clinical variables need to be further
compared and analysed to verify the accuracy of d-CAIS and r-CAIS.

Methods
This study was an in vitro model experiment, so the hospital ethics com-
mittee waived the ethical approval requirements.

Study design
Active dynamic navigation system (Dcarer Medical Technology Co., Ltd,
Suzhou, China) and passive dynamic navigation system (Dcarer Medical
Technology Co., Ltd, Suzhou, China) were divided into two groups: an
active dynamic navigation system group and a passive dynamic navigation
system group (ADG and PDG), respectively. The active implant robot
(Yekebot Technology Co., Ltd., Beijing, China), passive implant robot
(Dcarer Medical Technology Co., Ltd, Suzhou, China) and semi-active
implant robot (Baihui Weikang Technology Co., Ltd, Beijing, China) were
designated as the active robot group, passive robot group and semi-active
robot group (ARG, PRG and SRG), respectively. Considering the role of
human factors in the implant accuracy of d-CAIS and the high stability of r-
CAIS, this study included three surgeons (surgeons 1, 2 and 3) with varying
levels of implant experience in ADGand PDG and one surgeon (surgeon 2)

https://doi.org/10.1038/s41746-024-01178-6 Article

npj Digital Medicine | (2024)7:182 4



in ARG, PRG and SRG. Three surgeons completed 12 implant surgeries in
ADG, respectively. Three months later, the same three surgeons completed
12 implant surgery exercises in PDG, respectively. Thus, the three surgeons
performed 36 implant surgeries in ADG and PDG, respectively. Each sur-
geonplaced two implants per exercise. The three surgeonswere proficient in
the hardware and software of dynamic navigation systems and had more
than 10, 5 and 1 year of implant experience, respectively. Each of the three
groups of implant robots (ARG, PRG and SRG) completed 12 implant
surgeries, with two implants in each exercise. The same surgeon (surgeon 2)
whohadmore than5years of implant experience assistedwith the operation
of the implant robot in each group. All surgeons underwent uniform
training onmodels before performing the in vitro study. All understood the
whole procedure and the precautions that need to be taken in surgery.

The sample size was determined using the statistical software PASS,
version 15.0.5 (NCSS, LLC, Kaysville, United States), with the statistical
powerandα set to 90%and0.05, respectively. Basedon the implant accuracy
of active and passive dynamic navigation systems and active, passive and
semi-active implant robots reported in previous studies11,75, the minimum
sample size required for ADG and PDG was set at 21, and the minimum
sample size required for ARG, PRG and SRG was set at 7. Accordingly, the
number of implant surgeries performed in this study met these minimum
sample size criteria.

Model preparation and pre-operative planning
The standard tessellation language (STL) data of the standard dental model
(Tuojin Medical Technology Co., Ltd, Foshan, China) was imported into
Geomagic Studio, version 2013 (3D Systems Inc., Rock Hill, United States),
and the digital model was cut and modified. The model’s mandibular left
central incisor and mandibular left first molar were removed in order to
simulate dental defects. A total of 108 implant surgeries were completed in
this study.Thus, 108 identicalmandibularmodelswere three-dimensionally
(3D) printed (Wanxiang 3D Technology Co., Ltd, Fuzhou, China) prior to
the experiment (Fig. 3).

When scanning the pre-operative cone beam computed tomography
(CBCT) of the mandibular models, a registration device containing marker
points was fixed to themandibularmodel in each group. This facilitated the
integration of the pre-operative CBCT, mandibular model and surgical
instruments into the same spatial coordinates via point-set registration. The
registration device of the active implant robot was designed in the standard
tessellation language (STL) data of themandibularmodel usingDentalNavi
navigation software (Yekebot TechnologyCo., Ltd., Beijing, China) andwas
later 3D-printed. No imaging information on the registration device was
required for its pre-operative CBCT.

TheCBCT scans in this studywere performedwith an i-CATFLXV10
(KaVoGroup, Biberach,Germany)with the followingparameters: voltage=
120 kV; tubecurrent = 5.0 μA; focus = 0.5mm; and voxel size = 0.2mm. All
CBCTs were scanned by the same physician with extensive clinical dental
radiography experience.

After scanning, the pre-operative CBCT of each group was imported
into a specific software programme for dental implant surgery navigation in
the digital imaging and communications inmedicine (DICOM) file format.
The DICOM images were used to reconstruct the 3D images of the man-
dibular model before surgery. Two implants (FDI position 31: Nobel PMC
3.5 × 11.5mm; FDI position 36: Nobel PMC 4.3 × 10mm) with ideal 3D
positionswere virtually implantedbased on the 3D images of the edentulous

regions. The order of drilling and the performance pattern of the osteotomy
were standardised for each group during the implant surgery. The man-
dibular model was fixed on a headmodel (TuojinMedical Technology Co.,
Ltd, Foshan, China) during each implant exercise to simulate regular oral
opening, thus realistically simulating clinical scenarios.

Dynamic navigation-assisted implant surgery
Both active and passive dynamic navigation systems were calibrated and
registered before the implant surgery. The purpose of the calibration was to
identify and track the real-time location of the implant handpiece
(DSG201L,NSK,Nakanishi Inc, Tochigi, Japan) and themandibularmodel
with the reference plate (Dcarer Medical Technology Co., Ltd, Suzhou,
China) worn during implant surgery. During the calibration process, the
implant handpiece, reference plate and infrared optical tracker must form
an unobstructed straight path. The dynamic navigation system recorded
and converted the spatial coordinates of the implant handpiece and the
reference plate, thus completing the spatial registration of the implant
handpiece and the reference plate. The implant handpiece and the reference
plate of the active dynamic navigation system actively emit infrared light to
the optical tracker (Polaris Vicra, NDI Inc.,Waterloo, Canada), whereas the
implanthandpiece and the referenceplate of thepassivedynamicnavigation
systempassively reflect infrared light transmitted by the optical tracker. The
registrations of the active and passive dynamic navigation systems were
designed to reposition the registration device (Dcarer Medical Technology
Co., Ltd, Suzhou, China) to the edentulous regions. The registration process
was based on the selection ofmarker points on the registration device by the
implant handpiece, which were matched and registered by the dynamic
navigation system to the radiologic marker points in the pre-operative
CBCT. At the end of the registration process, the spatial coordinates of the
pre-operative CBCT, the mandibular model and the implant handpiece
were unified into the same spatial coordinate system.

After calibration and registration, the computer interface of the
dynamic navigation systemdisplayed the positionof the drill (Nobel biocare
service sag Nobel, Gothenburg, Sweden) in real time in relation to the
mandibularmodel. The three surgeons selectively observed the implant site,
implant direction and implant depth in dynamic and static views on the
computer interface.Thedynamicnavigation systemprompted thedentist to
adjust the 3D position of the implant handpiece in real time based on pre-
operative planning. The surgeon then performed osteotomy and implant
placement [FDI position 31: Nobel PMC 3.5 × 11.5mm; FDI position 36:
Nobel PMC 4.3 × 10mm (Nobel biocare service sag, Gothenburg, Swe-
den)]. Each surgeon repeated the same implant exercise 12 times in the 12
models with the assistance of the active and passive dynamic navigation
systems, respectively (Fig. 4a–f). A total of 24 implants were placed by each
surgeon in each group. The implant surgeries in ADG and PDG were
scheduled at three-month intervals.

Robot-assisted implant surgery
Similarly, calibration and registration of the active, passive and semi-active
implant robots was completed before the surgery. In robotic systems, cali-
bration is intended to enable the optical tracker to recognise and track the
real-time position of the robotic arm and the mandibular model with the
reference plate worn during the implant surgery. The calibration process of
the robotic systems worked with the optical tracker to identify and record
the relative spatial position of the reference plate and the robotic arm. An

Fig. 3 | Views of the mandibular model. a Right
side, (b) Front side, (c) Left side.
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unobstructed straight path between the robotic arm, the reference plate and
the optical tracker was also essential. After the calibration process, the
mandibular model, pre-operative CBCT, robotic arm and optical tracker
were integrated into the same spatial coordinates via maker point-based
registration. During the registration process, the marker points of the
registration device were automatically recognized by the semi-active
implant robotic system, while for the active and passive implant robotic
systems,manual selectionof themarker pointswasnecessary. Subsequently,
the mandibular model and pre-operative CBCT were matched and regis-
tered by these marker points. During the implant surgery, the robotic arm
accurately recognised and tracked the planned implant in the pre-operative
CBCT using the optical tracker. In the active implant robot group, the
dentist dragged the implant handpiece fixed at the end of the robotic arm
from the outside of the mouth to the implant site before the surgery. The
optical tracker simultaneously recorded the process and completed path
planning of the robotic arm in and out of the mouth, so as to achieve
autonomous movement of the robotic arm of the active implant robot
between the outside and inside of the mouth.

During the implant surgery, the robotic arm (UR5, Universal
Robots Inc., Odense, Denmark) of the active implant robot moved
autonomously from outside the mouth into the edentulous region (5 cm
from the starting point of the planned implant site) after the surgeon
depressed the pedal control. In contrast, the passive and semi-active
implant robots required the surgeon to manually tow the robotic arm to
the implant site while depressing the pedal control. When the robotic
arms were within the auto-calibration range, each group of implant
robots automatically adjusted the position of the handpiece (DSG201L,
NSK, Nakanishi Inc., Tochigi, Japan) according to the 3D position of the
implant in the pre-operative planning and performed osteotomy along
the implant path at a predetermined rate. The active and semi-active
implant robots automatically retreated the implant handpiece and
robotic arm to the initial intra-oral position after ensuring that the drill
(Nobel biocare service sag, Gothenburg, Sweden) had reached the
terminal location. The active implant robot then autonomously returned
the implant handpiece and robotic arm to their initial extra-oral posi-
tion. By contrast, the semi-active implant robot required the surgeon to
manually tow the arm to its initial position outside the mouth. For the

robotic arm of the passive implant robot, assistance was not only
required in order to retract the implant handpiece and robotic arm from
the implant site to the initial extra-oral position, but manual traction by
the surgeon was also required for the robotic arm to perform the
osteotomy, place the implant and return to the initial intra-oral position.
During the implant surgery using the passive implant robot, the robotic
arm only offered 3D physical guidance based on the pre-operative
planning.When the 3D position of the implant handpiece did not follow
the pre-operative planning, the passive implant robot automatically
restricted the implant handpiece to the ideal 3D position. When the
implant handpiece was in the ideal 3D position, the robotic arm did not
resist the surgeon’s traction. After the robotic arms of each implant robot
were retracted to their initial extra-oral position, the surgeon replaced
the drill according to the uniform use sequence and performed osteot-
omy until implants were successfully placed by the robots [FDI position
31: Nobel PMC 3.5 × 11.5 mm; FDI position 36: Nobel PMC
4.3 × 10 mm (Nobel biocare service sag, Gothenburg, Sweden)]. Each
group of implant robots repeated the same implant exercise 12 times in
12 models (Fig. 4g-o). A total of 24 implants were placed in each group.
The implant surgeries in ADG, PDG and PRG were scheduled at three-
month intervals.

After two implants were placed in eachmodel, the CBCTwas scanned
again. Thepost-operativeCBCTandpre-operative planning forADG,PDG
and PRG were imported into the software programme for analysis of the
accuracy of the oral implant surgery (Dcarer Medical Technology Co., Ltd,
Suzhou, China). Six features shared by the pre-operative planning and post-
operative CBCTwere randomly selected and integrated. The post-operative
CBCT data of the ARG and SRGwere imported into the respective surgical
navigation software programmes. The points of the registration device or
shared features of the pre-operative planning and post-operative CBCT
were integrated for registration. The deviation between the pre-operative
planning and post-operative CBCT was automatically calculated by each

Fig. 4 | The schematic diagram of measurement accuracy. The deviation between
the planned and placed implant was evaluated based on coronal, apical and axial
deviations.

Fig. 5 | Computer-aided implant surgery and real-time display. a–c Active
dynamic navigation system, (d–f) passive dynamic navigation systems, (g–i) active
implant robot, (j–l) passive implant robot, (m–o) Semi-active implant robot.
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software programme after integration, and the deviation was evaluated
based on three indicators (Fig. 5):
(1) Coronal deviation: the linear displacement between the placed implant

and the planned implant at the centre of the neck platform of the
implant (mm).

(2) Apical deviation: the linear displacement between the placed implant
and the planned implant at the centre of the apical part of the
implant (mm).

(3) Axial deviation: the intersection angle between the hypothetical central
axis of the placed implant and the planned implant
(◦).
The same surgeon (B.H.), whowas not involved in the implant surgery,

was responsible for the integration of the pre-operative planning and the
post-operative CBCT. The deviation was determined by the average value
obtained after three consecutive integrations.

Statistical methods
The experimental data were statistically analysed using SPSS 26.0 software
(SPSS Inc., Chicago, USA). The descriptive statistical parameters of the five
groups were recorded according to the mean, standard deviation, 95%
confidence interval and minimum-maximum values. The correlation
between the number of implant surgeries and implant accuracy was ana-
lysed by Spearman’s test. The normality of the data in each group was
evaluated using the Kolmogorov-Smirnov test and Shapiro-Wilk test.
Normally distributed data (P > 0.05) were then analysed with one-way
ANOVA and repeated-measures ANOVA. Non-normally distributed data
were analysed with the Kruskal-Wallis H-test. P values < 0.05 indicated
statistically significant differences. GraphPad Prism8 (GraphPad Software
Inc., San Diego, USA) was used to draw the box plots and line graphs.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this pub-
lished article (and its supplementary information files).

Code availability
The code that supports the findings of this study are available upon rea-
sonable request from the corresponding author.
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