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ABSTRACT

The rise in the number of dental implants has resulted in a proportional increase in reported complications.
These may range from restorative issues caused by inaccurate placement to injury of nearby anatomical
structures such as nerves or adjacent teeth. Most of these complications can be prevented by placing implants
in an optimal position with precision. Hence, this in vitro pilot study aimed to assess the influence of freehand
(FH) and fully guided (FG) surgical techniques on the precision of implant placement near critical structures
like the inferior alveolar nerve (IAN). Cone-beam computed tomography (CBCT) and intraoral scans from six
individuals with prior mandibular implants were utilized. Ideal implant positioning was digitally planned, and
FG surgical guides were produced for each case. Three-dimensional resin models were printed, and implants
were inserted using both FH and FG methods on corresponding models. The study measured angular deviation
and the distance between the implant apex and the IAN. FH placement showed mean deviations of 1.10 mm
coronally, 1.88 mm apically, and up to 6.3° angular deviation, whereas FG surgery demonstrated deviations of
0.35 mm coronally, 0.43 mm apically, and 0.78° angularly. The furthest distance between the implant apex and
the TAN was 2.55 mm for FH and 0.63 mm for FG. Within its experimental limitations, this bench-top study
indicated both FH and FG techniques can achieve acceptable surgical accuracy for implant placement near the
IAN if a 3 mm safety margin is maintained. However, FG surgery—particularly using the R2 Gate® system—
showed superior control and lower angular error.
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Introduction including suicidal ideation [2]. Many of these

biological, mechanical, and technical complications

Dental implant surgery has become a routine and
reliable procedure for restoring oral function following
tooth loss caused by trauma, edentulism, or resective
surgery. With growing demand, several techniques
have been developed for managing complex implant
cases [1]. However, the surge in implant numbers has
paralleled an increase in reported complications. These
range from positional restorative errors to trauma to
vital structures, including nerves and adjacent teeth. In
some cases, nerve damage has led to chronic
neuropathic pain and severe psychological distress,

can be minimized through meticulous planning and
precise implant placement [3].

Recent progress in cone-beam computed tomography
(CBCT) and intraoral scanning technologies has
facilitated digital implant workflows (DWFs). These
allow virtual planning of implant positions in three
dimensions for both aesthetic and functional
optimization. The adoption of digital workflows in oral
and maxillofacial surgery is expanding into procedures
such as orthognathic corrections, bone regeneration,
and zygomatic implant placements, where accuracy
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and precision are critical [4]. For predictable, long-
term treatment success that meets patient expectations,
a prosthetically guided three-dimensional planning
approach is essential [5]. DWFs improve diagnostic
visualization, support backward planning, and enhance
both safety and predictability in implant placement.
Nonetheless, factors such as manufacturing
inaccuracies and human error must still be accounted
for to avoid damage to key anatomical structures [6].
Accurate positioning provides adequate bone support
and proper load distribution. Although freehand (FH)
surgery has traditionally been the most common
approach [5, 6], its accuracy is operator-dependent.
Even when aided by stents or anatomical landmarks,
FH surgery requires advanced spatial judgment and
significant surgical skill to place implants correctly
within limited bone dimensions [7, 8]. Consequently,
standardization is difficult, and clinical outcomes vary.
Fully guided (FG) implant surgery, utilizing virtual 3D
planning and printed guides, offers a promising
alternative for enhanced safety, precision, and
reproducibility. Evidence from a systematic review
indicates that implants placed using digital static
guides exhibit five-year survival rates comparable to
the general survival rate of 95.6%, despite involving
complex cases [6]. However, definitive data on the
surgical precision of FG methods remain limited. In FG
surgery, 3D printed guides contain sleeves for drills of
increasing diameter, enabling controlled osteotomy
preparation and implant placement that mirror the
planned position [9, 10]. According to researchers ef al.
[11], this approach provides the highest accuracy,
showing mean coronal global deviation (CGD) of 0.73
mm, apical global deviation (AGD) of 0.97 mm, and
angular deviation (AD) of 2.30°, confirming FG as a
gold standard for implant positioning.

Accurate implant placement is crucial and can be
attained through the use of anatomical landmarks and
basic surgical stents to achieve optimal aesthetics while
preventing injury to critical structures such as tooth
roots and nerves. Misplacement of implants increases
the likelihood of peri-implantitis due to improper
prosthetic design and excessive loading forces [7].
Moreover, trauma to the inferior alveolar nerve (IAN)
can be severe, long-lasting, and significantly impact a
patient’s quality of life. The R2 Gate® software allows
quantitative identification of the IAN by measuring
Hounsfield units (HU) [8], enabling clearer distinction
from adjacent bone compared with the subjective
interpretation of cone-beam computed tomography
(CBCT) scans. Although a 2 mm safety margin has
been widely accepted to avoid IAN injury [9, 10],
Renton (2010) suggested that this distance might be
insufficient because the drill tip extends approximately

1.5 mm beyond the implant apex [2]. Greenstein and
Tarnow (2006) therefore proposed a 4 mm safety zone
to compensate for the drill’s length, enabling highly
precise implant placement and minimizing the
potential for nerve damage [11].

The present study aimed to determine whether fully
guided (FG) implant surgery allows for greater surgical
precision than freehand (FH) methods, particularly in
minimizing the risk of harm to nearby anatomical
structures like the IAN. FG surgery, which utilizes
virtual 3D planning, is believed to enhance the
accuracy, safety, and efficiency of implant placement.
The FG technique uses a 3D printed guide fitted with a
sequence of drill sleeves corresponding to increasing
drill diameters for osteotomy preparation [12, 13]. In
this study, implants were placed through these guides
to replicate the digitally planned position, thereby
allowing assessment of the method’s surgical accuracy
[14].

Materials and Methods

This experimental bench study employed a fully digital
workflow to virtually design implant placements
within stereolithographic mandibular models, aiming
to compare the accuracy of the FG implant placement
method with conventional FH drilling. Ethical
clearance was granted by the University of Salford
Ethics Committee (HST1920-007).

Eligibility criteria for case selection

CBCT scans from six patients treated at the ICE
Postgraduate Institute and Hospital were utilized to
create stereolithographic mandibular models for
implant insertion. The inclusion criteria consisted of
patients with intact premolar or molar regions in the
mandible, sufficient bone height between the alveolar
ridge and the AN to allow a 4 mm safety margin for a
10 mm implant, and a minimum distance of 1.5 mm
from adjacent teeth as well as between the implant
shoulder and the buccal bone. Exclusion criteria
included cases where the full trajectory of the IAN
canal or mental foramina could not be clearly traced by
the practitioner, or where incidental findings or
pathological conditions were detected on the CBCT
scans.

Each case involved the planned placement of a single
implant-retained crown using a 4.0 x 10 mm Megagen
AnyRidge® (Bedfordshire, UK) implant positioned in
an ideal restorative location with sufficient surrounding
bone for long-term success. Table 1 summarizes the
selected case categories. For every case, the
corresponding STL files and CBCT datasets were
uploaded into the R2 Gate® platform to enable 3D
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virtual planning, following standardized protocols to
ensure consistency across all models.

Table 1. Description of selected case categories. Abbreviations: lower left (LL), lower right (LR), inferior
alveolar nerve (IAN).

Case Number

Description of Selected Cases

Absence of lower right first molar, bounded saddle, socket preservation performed, inferior alveolar

Case 1 o o
ase nerve (IAN) positioned inferiorly
Case 2 Lower right first molar missing, bounded saddle, socket preservation done, IAN located inferolaterally
Case 3 Lower right first molar absent, socket preservation completed, IAN situated inferiorly
Missing lower left second molar, socket preservation performed, IAN inferior, lower left first molar
Case 4 . .
also absent, wider guide span between bounded saddles
Case 5 Lower right first molar missing, bounded saddle, socket preservation done, IAN inferolateral, lingual
bone inclined laterally

Lower left first molar absent, bounded saddle, socket preservation completed, no lingual fossa present,

Case 6 . . .
IAN inferolateral and near the planned implant site
3D protocol planning

Sectional CBCT scans of patients’ mandibles were
obtained using a MORITA (Veraviewepocs) unit with
a5 x5 cm field of view (FOV) during routine implant
assessment. Digital surface models (STL files) were
produced from intraoral optical scans (IOS) that
captured teeth and soft tissue anatomy via the
Trios/3Shape® system (Straumann, UK). These STL
datasets were integrated with CBCT data, and the
inferior alveolar nerve (IAN) was delineated using
Megagen R2Gate® planning software
(www.r2gate.com, accessed 10 May 2021). Bone
density values in Hounsfield Units (HU) were
employed to trace the IAN path—ranging from >1250
HU for dense cortical bone (D1) to 350-150 HU for
trabecular bone. The R2Gate Digital-EYE function
translated 256 grayscale shades into a color-coded
bone density map, assisting in the selection of an
appropriate drilling sequence (Figure 1). After virtual
validation, two stereolithographic models per case
were printed from STL files using an EnvisionTEC
Vida printer (Dental 3D Printers, Dearborn, MI, USA)
[10].

b)

Figure 1. (a) Color mapping of HU values and (b)
identification of anatomical structures. Yellow
represents bone, red represents soft tissue, allowing
precise tracing of the TAN.

The printer achieved a precision level of 30 um using
e-guide tint resin, ensuring reproducible model
fabrication [15]. Each implant was selected from the
R2Gate® library and positioned restoratively in close
proximity to the IAN and mandibular nerve (MN)
according to the virtual design. For every model, a
Megagen AnyRidge® implant (4.0 mm diameter x 10
mm length) was virtually placed under the following
parameters (Figure 2): a minimum 4 mm safety margin
from the IAN [16], 1.5 mm spacing from adjacent teeth
[17], and 1.5 mm clearance between the implant
shoulder and buccal bone plate [18]. The shortest
perpendicular distance between the implant apex and
the TAN was determined using the software’s
measurement tool. Both researcher and technician
verified the finalized plan.
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3D view

a)
Transsection view

b)
Figure 2. Virtual visualization of the IAN, safety
zone, and planned implant position using Megagen
R2Gate®.

In-vitro implant placement

An experienced implant clinician with a record of over
50 placements performed the implant insertions, as
suggested by researchers [19] to ensure operator
reliability. For each case, two 3D-printed mandible
replicas were used: one for freehand (FH) and one for
fully guided (FG) surgery. Implant placement was
performed with Megagen AnyRidge® FH and
Megagen® Universal FG kits, under sterile water
irrigation to prevent resin overheating and maintain
dimensional integrity. The FH group relied on visual
alignment with the virtual plan, placing implants 2 mm
deeper on drill markings to compensate for soft tissue
depth [20]. Drilling followed standard Megagen
AnyRidge® protocols for both methods, with water
rinsing to remove debris from the osteotomy site prior
to seating the implant.

Digital scanning of the implants using I10S

After placement, Megagen AnyRidge® scan flags were
attached to each implant. The models with scan flags
were scanned using a laboratory-grade scanner (model
specifications required) to create STL datasets
representing the final implant positions (Figure 3).

b)
Figure 3. 3D printed STL illustrating model
accuracy deviation of less than 0.13 mm for FH
placement.

Scan analysis using EXOCAD®

The resulting STL files were imported into Exocad
dental CAD software, where digital Megagen
AnyRidge® 4.0 x 10 mm implants were virtually
aligned to the scan flag positions to visualize the actual
implant placement. These updated STL models were
exported and subsequently analyzed in R2Gate®
software to compare the placed implants with the
planned positions [21, 22].

Measurement of deviations in implant position
Overlay analyses were conducted using Geomagic
Control software, which has demonstrated reliability in
prior implant comparison research [23]. The STL of the
placed implant was superimposed on the original
planned model to measure coronal, apical, and angular
deviations. Model alignment accuracy was also
verified to ensure that any detected deviations were due
solely to implant placement rather than manufacturing
discrepancies.

Data analysis

All collected measurements were recorded and
analyzed using Microsoft Excel. Since FH and FG
placements originated from the same cases, the data
were treated as paired samples [24]. The implant neck
served as the consistent reference point for both
methods. Paired t-tests were performed to compare FH
and FG results in coronal midpoint deviation, apical
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midpoint deviation, angular (vector) deviation, and
deviation of implant-to-IAN distance from the planned
position. The statistical significance threshold (o) was
set at 0.05 for all analyses.

Results and Discussion

When comparing the freehand (FH) and fully guided
(FG) approaches using stereolithographic models

against the digitally planned implant positions in
Geomagic Control Software (3D Systems Corporation,
Cary, NC, USA), the deviation summaries are
presented in Tables 2 and 3. Table 2 outlines the FH
deviations, and Table 3 summarizes those for FG
surgery. Positive deviation values represent implant
placements located farther from the IAN, whereas
negative values indicate proximity closer to the nerve.

Table 2. Deviation from the planned implant position in FH technique. Positive values = farther from IAN;
negative values = closer to [AN.

Case Free Hand Distance Planned Distance to  Deviation Coronal Apical Deviation Angular
to IAN (mm) IAN (mm) (mm) Deviation (mm) (mm) Deviation (°)

1 3.21 4.28 +1.07 1.00 2.02 8.00

2 2.50 2.79 +0.29 0.87 2.17 9.12

3 6.29 7.91 +1.62 1.88 2.03 1.99

4 4.70 4.93 +0.23 0.70 0.93 4.88

5 4.18 6.73 +2.55 1.69 3.38 11.78

6 1.29 1.22 —-0.07 0.44 0.78 2.82
Mean 3.70 +1.76 4.64 +£2.47 0.95 +1.00 1.10+0.57 1.88 £0.95 6.43 +£3.82

Table 3. Deviation from the planned implant position in FG technique. Positive values = farther from IAN;
negative values = closer to IAN.

Case Fully Guided Planned Distance to Deviation  Coronal Deviation Apical Angular
Distance to IAN (mm) IAN (mm) (mm) (mm) Deviation (mm) Deviation (°)
1 3.21 2.96 —0.25 0.43 0.53 0.97
2 2.50 3.13 +0.63 0.79 0.92 0.98
3 6.29 6.33 +0.04 0.14 0.14 0.16
4 4.70 4.80 +0.10 0.22 0.22 0.95
5 4.18 4.35 +0.17 0.21 0.21 0.97
6 1.29 1.08 -0.21 0.29 0.29 0.69
Mean 370 +1.76 3.78 £ 1.80 0.08 £0.32 0.35+0.24 0.43 £0.27 0.78 = 0.33
Figure 4 compares the deviation between planned and 3
actual implant positions for both techniques. The mean 25 | s B
deviation from the planned position for FG surgery z
(0.08 + 0.32 mm) was substantially lower than that of f ’
FH surgery (0.97 = 1.00 mm). Generally, the FH E ¥
approach tended to maintain a greater safety margin % 14
from the IAN, except in Case 6, where the FH implant '_-E 05 |
was placed nearer to the IAN than intended [25]. The ° . _LJ - Q et —
FG approach also resulted in slightly closer proximity -
to the IAN than planned in Cases 1 and 6. Despite this, Casel  Case2  Case3  Cased  CaseS  Case6

the FG technique exhibited superior consistency,
shown by its smaller standard deviation. Statistically,
however, there was no significant difference between
FH and FG placements regarding apex-to-IAN distance
(p=0.10).

Figure 4. Deviation between planned and actual
implant positions, and corresponding distance to
the IAN. Negative values denote implants
positioned closer to the IAN than intended.

Overall, FG surgery achieved greater accuracy across
nearly all measured parameters. The vector angle
deviation was significantly lower in FG placements
(0.78 £0.33 mm) compared with FH (6.43 £+ 3.82 mm),
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yielding p = 0.01. Similarly, apical deviation was
significantly reduced in FG (0.43 + 0.27 mm)
compared to FH (1.88 = 0.95 mm), with p = 0.02. For
coronal deviation, although the difference was not
statistically ~significant (p = 0.05), FG still
demonstrated smaller deviation values (0.35 + 0.24
mm vs. 1.10 £ 0.57 mm) [26].

Implant placement precision can vary depending on the
clinician’s experience and the tools or systems
employed [27]. In this controlled bench study, carried
out by a single experienced operator, no statistically
significant difference was observed between FH and
FG placements concerning the apex-to-IAN distance (p
=0.10). However, within study limitations, FG surgery
demonstrated higher precision overall, especially
regarding angular deviation. This suggests that FG
systems could improve operator confidence in avoiding
injury to adjacent critical structures. Potential sources
of minor FG inaccuracies include 3D printing

resolution, post-processing variability, CBCT image
quality, and mechanical alignment errors such as drill
tube positioning or bone-to-guide spacing. Such factors
should be carefully managed when operating near the
IAN or similar anatomical features [26, 28].
Comparison with recent literature (Table 4) reinforces
that FG methods tend to achieve greater positional
accuracy than FH approaches. Reported sub-millimeter
discrepancies for FG implants—ranging between 0.4—
1.4 mm at the entry point and 0.4—1.6 mm at the apex—
are consistent with findings of the current study, except
for the systematic review by Tahmaseb ef al. [29].
Across multiple clinical studies involving single
operators and patient groups aged 11-59 years, both
FH (6.4-9.1°) and FG (0.8-5.0°) angular deviations
were observed. The present in vitro study recorded
angular deviations under 2° for FG placements,
demonstrating higher precision compared with
previous reports.

Table 4. Comparison of deviations between planned and actual implant placements for FH and FG methods.

Study Free-Hand Mean Deviation

Guided Mean Deviation

Fiirhauser et al. (2015) [30] -

Entry: 0.8 mm Apex: 1.2 mm Angle: 2.7°

Schnutenhaus et al. (2016) [31] -

Entry: 1.0 mm Apex: 1.6 mm Angle: 5.0°

Tahmaseb ef al. (2018) [29] -

Entry: 0.9 mm Apex: 1.2 mm Angle: 3.3°

Vercruyssen et al. (2015) [32]

Entry: 2.8 mm Apex: 3.1 mm Angle: 9.1°

Entry: 1.4 mm Apex: 1.6 mm Angle: 3.0°

Younes et al. (2018) [33]

Entry: 1.5 mm Apex: 2.1 mm Angle: 7.0°

Entry: 0.7 mm Apex: 1.0 mm Angle: 2.3°

Mistry et al. (2021)

Entry: 1.1 mm Apex: 1.9 mm Angle: 6.4°

Entry: 0.4 mm Apex: 0.4 mm Angle: 0.8°

The enhanced precision observed between the 3D-
planned and actual implant placements in this
investigation for both FH and FG methods can be
attributed to various contributing factors, such as the
utilization of stereolithographic models instead of real
patient cases, application of the advanced R2 Gate®
FG protocol, implant parameters like shape, width, and
length, operator expertise, and the use of a tooth-
supported surgical guide. Findings revealed that FH
placement accuracy remained clinically acceptable,
offering a reasonable alternative to FG surgery;
however, the angular deviation recorded for the FH
method in Case 2 (9.12°) could have caused lingual
cortex perforation, posing a potential threat to adjacent
vital structures [34]. In contrast, FG in the same case
decreased the angular deviation to 0.97°, significantly
reducing this risk. A comparable pattern was observed
in Case 5, where deviation dropped from 11.7° to
0.97°.

Overall, FG surgery exhibited smaller mean deviations
between planned and actual implant positions
compared to FH, as expected since FH relies more
heavily on anatomical reference points and subjective
judgment. Notably, in two cases, implants placed using

FG were marginally (0.21 mm and 0.25 mm) closer to
the IAN than the planned position. The smaller 3D
deviations in this study, relative to previous reports,
may be due to the use of tooth-supported guides in a
bounded saddle configuration, enhancing stability and
positional control versus single-saddle or mucosa-
supported designs, such as those employed by
Vercruyssen et al. [32].

Future efforts should emphasize the control of angular
deviation during implant insertion to avoid contact
with critical structures such as the sinus floor, roots of
neighboring teeth, the mandibular nerve, and the
anterior loop of the IAN. In one case of this study, FH
surgery almost perforated the lingual cortex due to a
9.121° deviation, potentially endangering the lingual
artery and risking severe hemorrhage [35]. Conversely,
FG reduced the deviation to 0.972°, preventing cortical
perforation and minimizing vascular injury risk.

The FG approach’s ability to limit angular deviation
was further evident in Case 6, where the planned apex
position lay lateral to the IAN by only 1.29 mm.
Although this setup would not be ethically acceptable
for an in vivo study, it was permitted here given the
bench-based nature of the experiment. FH placement in
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this case unexpectedly positioned the apex more
medially to the IAN, while FG surgery placed it 0.21
mm closer to the nerve, meaning that, clinically, the
drill’s 1.5 mm tip extension could have injured the
IAN. Such compression might cause a crushing injury
to the IAN by pressing against the superior wall of its
canal, leading to sensory disturbances [36].

Although rare in implantology, such crushing injuries
can be managed or prevented by employing local
infiltrations rather than regional inferior dental blocks
(IDB). With infiltration anesthesia, the IAN retains
pressure sensitivity, allowing the patient to alert the
clinician when discomfort arises, prompting immediate
cessation of drilling and potential reversal of the
implant to relieve pressure, facilitating nerve recovery
[37]. Alternatively, depth stops on drills and drivers
can help prevent over-penetration and minimize such
risks [38].

Limitations of this study included a small number of
test cases, the necessity of saline irrigation to prevent
overheating and resin deformation during drilling, and
possible residual debris that could have interfered with
proper implant seating and vertical accuracy—
potentially explaining the increased deviation in Case
2 (FG). Moreover, Cases 1, 2, and 6 would not meet in
vivo study standards as the planned distances to the
IAN were all under 4 mm. In Case 6, both FH and FG
techniques placed implants nearer to the IAN than
planned, likely causing bony compression and possible
nerve injury if performed clinically [39].

Conclusion

Within the limitations of this bench study, both FH and
FG techniques demonstrated acceptable accuracy for
implant placement near vital structures, provided a 3
mm safety margin is maintained. Nevertheless, FG
surgery achieved superior precision, particularly in
minimizing angular deviation and controlling implant
proximity to the IAN, as evidenced with the R2 Gate®
system. Overall, FG appears to deliver enhanced
accuracy compared with FH placement. However,
clinicians must understand the potential sources of
error associated with guide fabrication, 3D printing,
and surgical execution, and maintain the skill to
transition to FH methods if necessary. Future studies
should investigate the operative time, cost-benefit
aspects, and reproducibility of FG surgery across
larger, multicenter datasets involving multiple
operators to better validate and generalize the present
findings.
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