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Featured Application

This study supports the integration of the milling cutter drill into partially guided surgical
protocol to optimize implant placement precision.

Abstract

Partially guided implant surgery has emerged as a technique that enhances the precision of
implant placement while maintaining surgical flexibility. This in vitro experimental study
evaluated the influence of the milling cutter drill on the angular and linear deviations
of implant placement in synthetic polyurethane bone models using a partially guided
surgical protocol. Additionally, the effects of bone density and implant macrogeometry
were assessed. A total of 120 Straumann® implants (BL, BLT, and BLX) were placed in
polyurethane blocks simulating four bone densities (D1-D4). Implant positions were
virtually planned with coDiagnostiX® (version 10.9) software and executed with or without
the use of the milling cutter drill. Deviations between planned and final implant positions
were measured at the neck and apex using the software’s “Treatment Evaluation” tool. The
use of the milling cutter drill significantly reduced angular deviation (p = 0.007), while
linear deviations showed no statistically significant differences. Bone density and implant
macrogeometry did not significantly affect angular deviation but influenced linear and 3D
deviations. Given that angular deviation may compromise prosthetic fit and biomechanical
function, the observed reduction is of potential clinical relevance. These findings indicate
that the milling cutter drill enhances angular accuracy in partially guided implant surgery
and may improve outcomes in anatomically challenging cases. However, the results should
be interpreted within the limitations of this in vitro model, including the absence of soft
tissue simulation, intraoral constraints, and inter-operator variability.

Keywords: dental implants; computer-assisted surgery; cone-beam computed tomography;
dental informatics

1. Introduction

Recent technological developments have led to significant advances in the creation of
new materials and methods, and Dentistry has not been immune to these changes [1-3]. The
integration of cutting-edge tools and new techniques has become a key to modern clinical
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practice. Consequently, the concept of Digital Dentistry (DD) is increasing in relevance in
clinical and academic contexts, reflecting its growing impact on oral healthcare [1,2].

Digital Dentistry involves a wide range of applications in daily clinical practice, includ-
ing data acquisition, patient communication, diagnosis, treatment planning, and follow-up.
Advances in computer-aided design (CAD) and computer-aided manufacturing (CAM)
have led to the development of high-definition 3D scanners, faster and more accurate plan-
ning software, and innovative additive and subtractive manufacturing techniques [1-4].
The digital workflow typically involves image acquisition (from CBCT, intraoral scanners,
and facial scanners), data processing using CAD software, and the fabrication of physical
components through CAM systems such as 3D printing or milling [3-5]. Each step intro-
duces potential sources of error, highlighting the need to evaluate their cumulative effect
on clinical outcomes [3,6,7].

In implantology, digital workflows have revolutionized treatment planning and exe-
cution. CBCT and intraoral scanning technologies allow an accurate analysis of anatomical
structures and the virtual planning of prosthetically guided surgeries [3,6]. This has led
to more predictable treatments with reduced clinical time and improved patient satis-
faction. Digital workflow in prosthodontics has also enhanced restoration precision and
reduced the need for postoperative adjustments [5,7]. Despite these benefits, challenges
such as costs, learning curves, and the risk of deviations between planned and final implant
positions remain [5,8-12].

Computer-Assisted Implant Surgery (CAIS), particularly static CAIS (s-CAIS), al-
lows virtual planning and the fabrication of surgical guides. These guides direct the
position, angulation, and depth of implant placement, improving surgical accuracy and
reducing intraoperative complications. Among s-CAIS techniques, partially guided
surgery (PGS) offers an alternative between guidance and manual control, maintaining
clinical flexibility [13-15].

One specific instrument that can be used in partially guided surgery is the milling
cutter drill (Straumann®, Institut Straumann AG, Basel, Switzerland) designed to flatten the
alveolar crest and provide a more stable surface for subsequent drilling steps [16-18]. This
flattening is especially relevant in irregular or sloped cortical bone, as it helps minimize
drill slippage and reduce angular deviations during implant placement. Although the
potential of the milling cutter drill to improve implant accuracy is acknowledged, evidence
supporting its benefit remains limited and underexplored in the literature, particularly in
partially guided protocols [6,19].

Given the increasing reliance on digital technologies and the continuous evolution of
surgical protocols and implant designs, further research is essential to assess the biome-
chanical performance, predictability, and clinical efficacy of these tools. Therefore, the main
aim of this study was to evaluate the impact of the milling cutter drill on the accuracy of
bone level implants placement within a partially guided surgical protocol. A secondary
objective was to assess how bone density and implant macrogeometry influence implant
placement accuracy. This study contributes to the growing of evidence supporting dig-
ital implantology and aims to optimize outcomes through improved surgical planning
and execution.

2. Materials and Methods
2.1. Sample

A power analysis determined that a sample size of 120 implants (Straumann®, Institut
Straumann AG, Basel, Switzerland) was robust enough to achieve over 80% statistical
power in the purposed analysis (at a significance level of 0.05). These implants were
distributed across three experimental groups according to their macrogeometries: 40 BL



Appl. Sci. 2025, 15, 7826

3o0f11

(Bone Level), 40 BLT (Bone Level Tapered), and 40 BLX (Bone Level X) implants. These
implant types were selected based on widespread clinical use, enabling the evaluation of
how implant design may influence placement accuracy in guided protocols.

2.2. Surgical Protocol

In this laboratorial study, four artificial bone models (Bonemodels®, Castellén, Spain)
were used, simulating four distinct bone densities according to the classification proposed
by Lekholm and Zarb [20] (Figure 1). Although this classification was originally developed
for human bone, previous studies have used polyurethane blocks with similar mechan-
ical properties to represent D1-D4 bone types, allowing reproducible comparisons in
in vitro settings [20,21].

Figure 1. Artificial bone models with four distinct bone densities (D1-D4), shown from the

inferior perspective.

Each bone model was sectioned into two halves to comply with the field of view
(FOV) constraints of the CBCT scanner (NewTom Go, NewTom | Cefla S.C., Imola, Italy),
resulting in eight mini bone blocks, each comprising two density zones (D1/D2 and D3/D4)
(Figure 2).

B

Figure 2. Mini bone block (each block containing two different bone densities).

Each mini block was identified with an alphanumeric code (e.g., A1 and A2 corre-
sponding to the two halves of the first block). All mini blocks were scanned using CBCT
and intraoral scanning (KaVo LS 3, Nobel Biocare USA, LLC, Yorba Linda, CA, USA) to
enable digital implant planning and the subsequent design of the surgical guides.

The coDiagnostiX® software (Dental Wings GmbH, Chemnitz, Germany) was used for
virtual planning of implant positioning and for the design of the surgical guides (Figure 3).

Each guide was labeled with the identifier of the corresponding mini block. The guides
were fabricated using a 3D printer (Phrozen Sonic Mini 8K, Phrozen Technology, Hsinchu
City, Taiwan) with ABS-like resin (Creamy White, Phrozen Tech Co., Ltd., Xiangshan Dist.,
Hsinchu City, Taiwan). After printing, all guides underwent post-processing, including
washing and polymerization. Titanium sleeves (Straumann®, Institut Straumann AG, Basel,
Switzerland) with a 5/5 mm diameter were manually inserted into the guides.

Implant placement was performed using guided surgery kits specific to each implant
type, supplied by Straumann®, in combination with the iChiropro surgical motor (Bien-Air,
Bienne, Switzerland).
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Figure 3. CoDiagnostiX® software.

A total of 120 implants were inserted into the mini bone blocks following two distinct
surgical protocols:

Partially guided surgery using the milling cutter drill (n = 60);

Partially guided surgery without the milling cutter drill (n = 60).

The implant placement was performed by the same experienced dentist, who had
formal training in implantology and digital dentistry and was fully familiar with the
guided surgery protocols and kits employed. Using a single operator ensured consistency
across procedures, although it limited the generalizability of results due to the absence of
inter-operator variability.

The drilling and placement protocols were conducted in accordance with the manu-
facturer’s guidelines, tailored to the specific implant design and simulated bone density.

Following implant placement, a final digital impression was obtained using appro-
priate scan bodies from Straumann®. For BL and BLT implants, CARES® RC Mono Scan
bodies (4.1 mm, height 10 mm, PEEK/TAN) were used, and for BLX implants, CARES®
RB/WB Mono Scan bodies (3.8 mm, height 10 mm, PEEK/TAN) were employed. Scan-
ning was performed using the Trios v.4 intraoral scanner (3Shape®, Copenhagen, Denmark),
for the purpose of evaluating deviations between planned and final implant positions.

Deviations between the preoperative virtual planning and the postoperative implant
position were assessed using the “Treatment Evaluation” tool in the coDiagnostiX® software
(Institut Straumann AG, Switzerland). To ensure precise overlay of the pre and postop-
erative scans, three small dots of dental composite resin were applied to each bone block
as fiducial markers. These markers facilitated the identification of anatomical landmarks
during the digital alignment process, ensuring optimal overlay precision (Figure 4).

The parameters analyzed included angular deviation (degrees); tridimensional de-
viations (mm) at the implant neck in the mesio-distal, bucco-lingual, and apico-coronal
directions; and tridimensional deviations (mm) at the implant apex in the same three axes
(Figure 5).
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Figure 5. Measurements using the “Treatment Evaluation” tool from the coDiagnostiX® software.

2.3. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics software, version 24.
A two-tailed significance level of p < 0.05 was adopted.

Continuous variables were expressed as median and interquartile range (IQR), due to
non-normal data distribution as confirmed by the Kolmogorov-Smirnov test. Categorical
variables were presented as absolute (1) and relative (%) frequencies. Comparisons of linear
and angular deviations across implant types, bone densities, and the use of the milling
cutter drill were conducted using the non-parametric Kruskal-Wallis and Mann-Whitney
U tests.
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3. Results

This study analyzed the placement of 120 implants of three distinct types (BL, BLT,
and BLX) in four different bone densities, using a partially guided surgical protocol with
and without the use of the milling cutter drill (Table 1).

Table 1. Number of implants placed according to each variable tested.

Variable Frequency n (%)

s . Yes 60 (50%)
Use of Milling cutter drill No 60 (50%)
D1 30 (25%)
. D2 30 (25%)
Bone Density D3 30 (25%)
D4 30 (25%)

BL 40 (33.3%)

Implant Type BLT 40 (33.3%)

BLX 40 (33.3%)

The analysis of the impact of the milling cutter drill (Table 2) showed that its use led
to a statistically significant reduction in the angular deviation (p = 0.007), decreasing from
3.40° to 2.45°. However, no statistically significant differences were observed between the
groups with and without the milling cutter drill regarding 3D deviations or individual
linear deviations (p > 0.05).

Table 2. Influence of the use of the milling cutter drill on implant deviation parameters.

Milling Cutter Drill
Deviation
No Yes U p-Value
Angular (°) 3.40 (1.90) 2.45 (2.55) 1284.000 0.007
Neck of implant (mm)
3D 0.56 (0.69) 0.73 (0.69) 1469.000 0.082
MD 0.10 (0.27) 0.10 (0.10) 1751.000 0.797
BL 0.20 (0.42) 0.12 (0.37) 1672.000 0.501
AC 0.50 (0.57) 0.65 (0.75) 1629.000 0.369
Apex of the implant (mm)
3D 0.88 (0.58) 0.87 (0.67) 1747.500 0.783
MD 0.25 (0.27) 0.22(0.24) 1621.500 0.349
BL 0.47 (0.41) 0.38 (0.49) 1479.500 0.092
AC 0.56 (0.59) 0.67 (0.80) 1754.000 0.809

3D: three-dimensional; MD: mesio-distal; BL: bucco-lingual; AC: apico-coronal.

The comparison between bone densities (Table 3) revealed statistically significant dif-
ferences for several parameters. The 3D deviation at the implant neck differed significantly
across groups (p = 0.027), being highest in D1 bone (0.99 mm) and lowest in D3 bone
(0.40 mm). The mesio-distal deviation at the neck also showed significant variation
(p = 0.036), with higher values in D1 bone (0.12 mm). The bucco-lingual deviation at
the neck was the most statistically significant variable (p < 0.001), being more pronounced
in D1 bone (0.58 mm) and least in D3 bone (0.06 mm). The apico-coronal deviation at the
apex also reached statistical significance (p = 0.005), with the highest deviation in D1 bone
(0.84 mm) and the lowest in D3 bone (0.46 mm). In contrast, the angular deviation and the
other deviations at the apex did not show statistically significant differences.
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Table 3. Influence of bone density on implant deviation parameters.

Type of Bone, Median (IQR) Kruskal-Wallis
Deviation
D1 D2 D3 D4 H p-Value
Angular (°) 290(2.30) 2.50(1.80) 3.55(2.30) 3.60(1.70) 6.747 0.080
Neck of the
implant (mm)
3D 0.99 (0.45) 0.61(0.62) 0.40(0.53) 0.55(0.45) 9.140 0.027
MD 0.12(0.30) 0.08(0.39) 0.08(0.05) 0.10(0.10) 8.559 0.036
BL 0.58 (0.40) 0.16 (0.37) 0.06 (0.06) 0.12(0.21) 40.183 <0.001
AC 0.74 (0.69) 0.69 (0.83) 0.41(0.43) 0.51(0.41) 3.201 0.362
Apex of
implant (mm)
3D 0.90(0.54) 0.84(0.81) 0.73(0.55) 0.95(0.49) 6.064 0.109
MD 0.25(0.25) 0.25(0.25) 0.19(0.21) 0.26(0.28) 6.649 0.084
BL 0.39 (0.17) 0.38(0.32) 0.47(0.41) 0.67(0.68) 6.888 0.076
AC 0.84 (0.71) 0.69 (0.84) 0.46(0.43) 0.50(0.36) 13.047  0.005

IQR: interquartile range; 3D: three-dimensional; MD: mesio-distal; BL: bucco-lingual; AC: apico-coronal.

Regarding the comparison between implant types (Table 4), the 3D deviation at
the neck was significantly higher in the BLX group (0.91 mm) than in the other groups
(p < 0.001). The bucco-lingual deviation at the neck was also greater in BLX implants
(0.25 mm) compared to the others (p = 0.020), as was the apico-coronal deviation at the
neck (0.70 mm; p = 0.032). The bucco-lingual deviation at the apex showed a statistically
significant difference as well (p = 0.045), with higher values recorded for the BLT implant
group (0.49 mm). No statistically significant differences were observed among implant
types for angular deviation or the remaining apical parameters.

Table 4. Influence of implant type on implant deviation parameters.

Implant, Median (IQR) Kruskal-Wallis
Deviation
BL BLT BLX H p-Value
Angular (°) 3.25 (2.15) 3.20 (2.20) 2.80 (2.45) 1.020 0.601
Neck of the
implant (mm)
3D 0.45 (0.50) 0.47 (0.78) 0.91 (0.54) 15.860 <0.001
MD 0.09 (0.21) 0.11 (0.36) 0.08 (0.08) 3.034 0.219
BL 0.10 (0.22) 0.20 (0.56) 0.25 (0.66) 7.818 0.020
AC 0.45 (0.47) 0.56 (0.77) 0.70 (0.79) 6.903 0.032
Apex of the
implant (mm)
3D 0.84 (0.42) 1.05 (0.66) 0.90 (0.67) 4.352 0.113
MD 0.25 (0.19) 0.25 (0.44) 0.19 (0.21) 3.500 0.174
BL 0.43 (0.40) 0.49 (1.00) 0.37 (0.38) 6.201 0.045
AC 0.53 (0.42) 0.72 (0.95) 0.68 (0.83) 4.905 0.086

IQR: interquartile range; 3D: three-dimensional; MD: mesio-distal; BL: bucco-lingual; AC: apico-coronal; BL: bone
level implant; BLT: bone level tapered implant; BLX: bone level X implant.

4. Discussion
4.1. Influence of the Milling Cutter Drill
The results obtained in this study demonstrate that the use of the milling cutter drill

led to a statistically significant difference in angular deviation, which was lower in the
group where the drill was used.
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The use of the milling cutter drill in the partially guided protocol demonstrated
a measurable effect, confirming its influence on the angular deviation parameter. The
differences found in this study support the hypothesis that, even in guided surgery, bone
density and implant macrogeometry can affect the positioning of the implant in relation to
the planned trajectory [16,18].

The milling cutter drill facilitates implant placement by enabling cortical flattening,
which may explain the greater predictability of the final position [17]. By reducing surface
irregularities at the alveolar crest, the drill likely enhances drill stability during initial os-
teotomy steps, decreasing angular deviation—a parameter particularly relevant in anterior
and multi-unit prosthetic planning. However, it did not significantly reduce the other
deviation values (3D and linear), although the angular improvement alone may already be
clinically relevant [9-12,22].

4.2. Influence of Bone Density

Regarding bone density, the results showed statistically significant differences in 3D
deviation at the implant neck and in all linear deviations at the same level, except for
mesio-distal deviation at the apex.

These results indicate that higher density bone (particularly type D1) was associated
with greater deviation in implant placement, especially at the cervical level. This may be
explained by the greater resistance of cortical bone to drilling, which tends to deflect the
drill in partially guided systems [20,23]. These findings are consistent with previous studies
that suggest greater difficulties in guided surgery in dense bone [21,24].

In contrast, lower-density bones, such as D3, presented lower deviation values, indi-
cating that the flexibility of trabecular bone allows better guidance of drills and implants
along the planned trajectory [25]. Clinically, this implies that in high-density bone, addi-
tional control (such as extended guidance or countersinking tools) may be advisable to
mitigate deviation.

4.3. Influence of Implant Type

In the present study, the BLX implant showed greater 3D deviation at the cervical
level, as well as higher bucco-lingual and apico-coronal deviations when compared to the
other two implant types.

These results may be related to the fact that BLX implants use a different guided
surgery kit, and their tapered geometry, combined with a different connection (RB instead
of RC), may have influenced the results. This system also differs in aspects such as drill
diameter progression, depth control design, and sleeve tolerance, which may reduce drilling
stability. Additionally, the BLX implant presents more aggressive cutting threads, which,
while intended to enhance primary stability, may also increase the risk of deviation during
insertion, especially in dense bone. These combined factors could help explain the greater
deviations observed in the BLX implants [25,26].

It is important to highlight that the BL and BLT implants share the same guided surgery
kit, and that BLT implants, despite their tapered geometry, presented lower deviation
values than the BLX. Therefore, it is not possible to attribute these differences exclusively
to implant geometry [27].

4.4. Limitations and Considerations

Although this study was performed in artificial bone models under controlled condi-
tions, there are limitations in extrapolating the results directly to clinical practice.

All surgeries were performed by a single clinician with training in guided surgery,
which may have minimized variability due to operator experience. However, this also
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limits generalizability, and future studies should include multiple operators and simulate
in vivo conditions to assess the generalizability of these results.

Moreover, the milling cutter drill evaluated in this study was specifically designed
by the manufacturer to be compatible with its surgical kits. Therefore, its effective-
ness may vary across different implant systems and may also depend on the clinician’s
surgical technique.

Additionally, the absence of soft tissues, intraoral access constraints, and patient-
related variables (e.g., saliva, movement, and limited visibility) may have contributed to
lower deviation values than those typically observed clinically.

The angular improvement observed, although modest numerically, may hold clinical
relevance, especially in prosthetically demanding cases. Therefore, the findings should
be interpreted considering the working hypothesis and previous studies on cortical bone
flattening and guided accuracy tools.

Further clinical studies are required to confirm whether the observed reduction in
angular deviation leads to improved implant longevity and prosthetic outcomes. Moreover,
evaluating the performance of milling cutter drills from other manufacturers, or across
different surgical protocols, would broaden the applicability of these results.

5. Conclusions

Within the limitations of this in vitro experimental study, the results suggest that the
use of the milling cutter drill in a partially guided surgical protocol significantly improves
angular accuracy in implant placement. Although it did not lead to statistically significant
differences in 3D or linear deviations, the observed reduction in angular deviation may
hold clinical relevance, particularly in cases requiring high prosthetic precision.

Bone density also played a significant role in the accuracy of implant positioning.
Higher deviations were observed in denser bone types, such as D1, especially at the cervical
level, which may be attributed to the greater resistance of cortical bone during the drilling
sequence. In contrast, lower-density bone types allowed for more accurate placement,
potentially due to reduced resistance and better adaptation to the guided trajectory.

Regarding implant macrogeometry, BLX implants presented higher deviation values
compared to BL and BLT implants. This outcome may be associated with differences in
surgical protocol, guided kit components, and implant design, particularly the tapered
shape and connection type specific to BLX. However, as BL and BLT implants—despite their
structural differences—shared the same guided system and exhibited lower deviations, it
is not possible to attribute the discrepancies solely to implant geometry.

These findings highlight the multifactorial nature of implant placement accuracy
in guided surgery, influenced by surgical instruments, bone quality, and implant de-
sign. Further clinical and in vivo studies are required to validate these results in vivo
and to evaluate the long-term impact of placement deviations on functional and esthetic
treatment outcomes.
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Abbreviations

The following abbreviations are used in this manuscript:

3D Three-dimensional
BL Bone Level (implant type)
BL Bucco-lingual (in measurement context)

BLT Bone Level Tapered (implant type)

BLX Bone Level X (implant type)

CAIS Computer-Assisted Implant Surgery
CAM Computer-Aided Manufacturing

CAD Computer-Aided Design

CBCT  Cone Beam Computed Tomography

DD Digital Dentistry

FOV Field of View

PEEK  Polyether ether ketone

PGS Partially Guided Surgery

s-CAIS  Static Computer-Assisted Implant Surgery
SPSS Statistical Package for the Social Sciences
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