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Abstract: Bone characteristics, the implant macrogeometry, and the drilling technique are considered
the main important factors to obtain a good implant primary stability (PS). Indeed, although it is
known that implant placement in poor bone sites increases the possibility of implant failure, several
surgical procedures have been proposed to improve PS, such as site under-preparation. Hence,
this in vitro study aimed to evaluate the insertion torque (IT), removal torque (RT), and resonance
frequency analysis (RFA) of conical implants (3.3 and 4 × 13 mm) placed in under-prepared sites
on 10 and 20 pounds per cubic foot (PCF) density polyurethane sheets (simulating a D3 and D2
bone, respectively) with and without a cortical sheet of 30 PCF in density (corresponding to a D1
bone). After using ANOVA or Kolmogorov–Smirnov test to elaborate data, the resulting IT and RT
values were directly proportional to the polyurethane block densities (e.g., the lowest and highest
IT values were 8.36 ± 0.52 Ncm in the 10 PCF density sheet and 46.21 ± 0.79 Ncm in the 20 PCF
density sheet + cortical for 4 × 13 mm implants) and increased with the increasing amount of
site under-preparation (the highest results for both implants were found with a 2.2 mm under-
preparation, showing a significantly higher IT with a p < 0.05 compared with others, especially in
the highest-density sheets). Both implants inserted in the 20 PCF density block + cortical with all
under-preparation protocols exhibited significantly higher RFA values (p < 0.05–0.0001) compared
with the corresponding ones in the 10 PCF block. Moreover, 3.3 × 13 mm implants showed the same
results comparing the 20 PCF block and the 10 PCF block + cortical. In conclusion, in this in vitro
study using low-density polyurethane blocks, the under-preparation of the implant insertion sites
was shown to be effective in increasing implants’ PS.

Keywords: dental implants; implant primary stability; implant rehabilitation; insertion torque;
removal torque; polyurethane; poor bone quality; site under-preparation

1. Introduction

Primary stability (PS) plays a crucial role in attaining and maintaining the mineralized
bone at the implant interface level for a long time [1–4]. PS was reported to represent
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the resultant force of friction generated by the implant surface and the host bone contact
after implant insertion [5–7]. A high implant insertion torque (IT) probably constitutes an
important factor in reaching a high PS with the reduction in implant micromotion [2,3]. It
has been shown that implant micromotion during the early phases after implant insertion
impair the osseointegration process, resulting in a fibrous capsule formation and implant
loosening. In the early 1990s, a limit of 150 µm of micromotion was considered as the
cut-off for a successful osseointegration [8]. Despite this, with the evolution of implant
systems and surface modifications, this variable has been reconsidered [9–11]. A recent
review of Kohli et al. [12] showed a 32% higher micromotion in failed implants compared to
the osseointegrated ones, but it also concluded that considering a universal tolerable limit
for micromotion in osseointegrated implants could be misleading. Traditionally, dental
implants take from 3 to 6 months to fully heal after their insertion, avoiding micromove-
ments. However, with the emergence of immediate loading protocols, by which the implant
loading can be performed immediately after surgery or within 48 h (ILP), the importance
of PS increased dramatically. The rate of failures in ILP protocols has been reported as
higher than conventional loading (risk ratio = 2.09, 95% confidence interval (CI) [1.18, 3.69],
p = 0.01) [13]. Consequently, specific IT values have been suggested for ILP. For example, a
minimum value of 60 Ncm was indicated by Calandriello et al. [14] for single teeth and an
IT of 45 and 32 Ncm for implants that have to support partial and full arch restorations,
respectively. However, with a 2-year retrospective study, Del Giudice et al. [15] asserted
that also an IT < 32 Ncm can be compatible with ILP success.

Among the important factors influencing PS, there can be cited the bone quality, the
bone density, the bone volume, the length and diameter of implants, the surgeon’s experience
and skills, the thread shape, the implant macrogeometry, the surgical site morphology, the
drilling technique, the preparation of osteotomies, and the surgical technique [3–5,9,16–20].
The presence of poor bone quality and quantity has been reported to decrease the implant
success [1,5,21]. PS is known to be related to the mechanical stability achieved with different
surgical techniques and procedures: under-preparation, bone condensation, and bicortical
fixation [5,18,22]. In fact, an under-preparation of the implant site in cancellous bone has been
already proved to be helpful in improving implant PS [5,6,18,22–26].

In recent years, polyurethane has been reported to have biomechanical properties
similar to human bone and also a more uniform average cell size in respect to natural
bone [16,18,20]. It is a standardized and homogenous material that can be provided in
different thicknesses and densities, from D1 to D4 [20,21]. These characteristics make
the polyurethane foam a suitable material for biomechanical tests of dental implants, for
example, the IT, removal torque (RT), and resonance frequency analysis (RFA) assess-
ment [17,21,27–29]. In particular, the latter is known to be a valuable parameter to measure
the implant stability quotient (ISQ) after its positioning, becoming a noninvasive technique
to identify implant failure risk and add information on the predictability of dental implant
procedures [30].

Thus, the main objective of this in vitro study has been the evaluation of IT, RT, and
RFA values of different diameter conical implants (3.3 and 4 × 13 mm) placed in under-
prepared sites on 10 and 20 pounds per cubic foot (PCF) density polyurethane blocks, with
and without the addition of a 30 PCF density cortical sheet. Despite in the literature there
not being clear evidence about how under-preparation of sites could influence IT, RT, and
RFA, in this study, it could be hypothesized that, with the increase in the under-preparation
size, not only the RFA, but also the IT of both implants with different diameters could
be improved. Moreover, from a clinical point of view, it could be interesting to see no
differences between the two implant groups in order to choose the smaller diameter that
needs less under-sizing and use the 4 mm diameter with a higher under-preparation of the
site only in low-density bones.
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2. Materials and Methods
2.1. Polyurethane Foams

As Comuzzi et al. [27] previously reported, nowadays, the solid rigid polyurethane foam
represents the most suitable model to perform in vitro tests and to compare dental implants
and bone screws in order to simulate different densities and consistencies of the natural bone.
In this study, 13 cm × 18 cm × 4 cm blocks with 10 and 20 PCF in density (which correspond to
a density of 0.16 and 0.32 g/cc, mimicking the in vivo D3 and D2 bone, respectively, according
to Misch classification [31]), with or without the addition of a 1 mm thickness cortical sheet
of 30 PCF in density (corresponding to a density of 0.48 g/cc, similar to the in vivo D1 bone
and simulating a layer of cortical bone), were used to test the implants in the present study
(Figures 1 and 2). The microstructure of these materials has been previously analyzed [32,33].
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All these polyurethane foams were purchased from Sawbones Europe AB (Malmö, Swe-
den) and results conform to ASTM F-1839-08 “Standard Specification for Rigid Polyurethane
Foam for Use as a Standard Material for Testing Orthopaedic Devices and Instruments” [34],
as reported in Table 1.

Table 1. Summary of the mechanical properties concerning the polyurethane foams used in this study
and the corresponding ASTM F-1839-08 specifications.

Density Compression Shear

PCF g/cc Strength
(MPa)

Modulus
(MPa)

Strength
(MPa)

Modulus
(MPa)

Sawbones Europe AB (Malmö, Sweden)
10 0.16 2.2 58 1.6 19
20 0.32 8.4 210 4.3 49
30 0.48 18 445 7.6 87

ASTM F1839-08 required values [34]
10 0.14–0.18 1.745–2.820 45.75–71.70 1.225–2.010 15.15–22.75
20 0.29–0.35 6.630–10.45 167.5–257.5 3.395–5.275 40.75–59.25
30 0.43–0.53 14.30–22.70 355.5–548.5 7.460–11.95 71.70–105.0

2.2. Implants

The two conical implants used in the present study presented the following dimen-
sions: 3.3 mm × 13 mm and 4 mm × 13 mm (TAC, AoN Implants, Grisignano di Zocco,
Italy). Ten implants for each type were inserted in the different blocks, after the under-
preparation of the sites with a specific drilling sequence, using the manufacturer kit (AoN
Implants, Grisignano di Zocco, Italy) and also a surgical implant motor (Chiropro, Bien Air
Dental SA, Bienne, Switzerland) (Figures 3–5).
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All implants tested presented a double acidification surface treatment (OsteoPore,
AoN Implants, Grisignano di Zocco, Italy) affecting only the part of the thread. The
new “Smooth Design” of the thread profile is designed to respect hard tissues as much
as possible, together with a reduced apical part, aiming at leaving the bone quality as
unaltered as possible and obtaining the maximum possible stability, while maintaining the
appropriate IT. Moreover, a Cone–Morse self-locking connection is present.

2.3. Drilling Protocol

For 3.3 mm × 13 mm TAC implants, 2 site preparation protocols were used:

• A 2.8 mm diameter site (under-preparation size: 0.5 mm);
• A 2.2 mm diameter site (under-preparation size: 1.1 mm).

For 4 mm × 13 mm TAC implants, 4 site preparation protocols were used:

• A 3.2 mm diameter site (under-preparation size: 0.8 mm);
• A 2.8 mm diameter site (under-preparation size: 1.2 mm);
• A 2.2 mm diameter site (under-preparation size: 1.8 mm);
• A 3.2 mm diameter site (“short”): a 2.8 mm diameter site preparation was performed

and, then, another preparation up to a diameter of 3.2 mm only for the first 4–5 mm
of the osteotomy (under-preparation size: 1.2 mm in the central and apical parts of
the implant and 1.8 mm in the coronal portion of the osteotomy). This protocol was
thought to minimize the friction and the stress at the coronal portion of the osteotomy
without increasing the whole implant contact with the bone, in case of the presence of
a thick cortical bone.

The drilling protocol was uniformed for all the implants and performed using the
manufacturer kit:

• An initial pointed bur at 300 rpm;
• A 2.2 mm bur at 300 rpm;
• Eventually, a 2.8 mm bur at 300 rpm;
• Eventually, a 3.2 mm bur at 300 rpm;
• Or, a 2.8 mm bur and partially a 3.2 mm bur at 300 rpm, as previously explained in the

“short” protocol.

Thus, 10 implants of each type were inserted in 10 and 20 PCF density blocks with
or without the addition of a cortical sheet and for each under-prepared site. In this way, a
total of 240 site preparations were performed (Figures 6 and 7).
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Figure 7. Representative images of (A) polyurethane blocks after site under-preparation (on the left)
and insertion of the implants in the different polyurethane foam blocks (on the right); (B) resonance
frequency analysis (RFA) measurements: implant stability quotient (ISQ) registration.

The final insertion of the implants was conducted at 30 rpm with a calibrated torque of
50 Ncm, evaluating the IT and RT values in the final 1 mm with a calibrated torque meter
for dynamometric analysis. On the other hand, a n. 78 Smart Peg (Osstell AB, Gothenburg,
Sweden) was used to obtain the ISQ values. Then, the placement of the implant platform at
the superficial polyurethane level was performed for all the implants.

2.4. Statistical Analysis

The a priori sample size calculation was performed using the analysis of covariance
(ANCOVA) statistical test (effect size: 0.35, α err: 0.05; power (1-β): 0.95; numerator df: 15;
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number of groups: 6; number of covariates: 4) with G*Power 3.1.9.7 program (Heinrich-
Heine-Universität, Düsseldorf, Germany). Thus, a minimum of 240 osteotomies had to
be performed in order to obtain a statistically significant result. After the assessment
of the normal distribution of values by D’Agostino-Pearson omnibus normality test, the
different IT, RT, and RFA measured values were evaluated by using the one-way analysis
of variance (ANOVA) test followed by Bonferroni post hoc test (normally distributed data)
or Kolmogorov–Smirnov test (nonparametric data). A p-value < 0.05 was considered statis-
tically significant. The statistical analysis was performed using Excel (Microsoft Company,
Redmond, WA, USA) and GraphPad Prism Software Analysis version 9 (San Diego, CA,
USA). Data were expressed as the mean ± standard deviation (SD).

3. Results

In Table 2, all the values registered by the two groups of implants in each experimental
condition are reported.

Table 2. Summary of the insertion torque (IT), removal torque (RT), and resonance frequency analysis
(RFA) (measured in the bucco-lingual (RFA-BL) and mesio-distal (RFA-MD) orientations) values
reported for the two implant types (in blue: 3.3 × 13 mm TAC implants and in yellow: 4 × 13 mm
TAC implants) in the different foam densities expressed in pound per cubic foot (PCF). Data are
reported as the mean (in Ncm for IT and RT and in implant stability quotient (ISQ) score for RFA-BL
and RFA-MD) and the standard deviation (SD). Under-preparation sizes: (a) 2.8 mm, (b) 2.2 mm,
(c) 3.2 mm, (d) 2.8 mm, (e) 2.2 mm, and (f) 3.2 mm short.

IT 10 PCF 10 PCF + Cortical 20 PCF 20 PCF + Cortical

a b c d e f a b c d e f a b c d e f a b c d e f

Mean 8.38 9.31 8.36 10.38 11.88 10.03 12.60 16.73 12.89 17.80 23.34 15.43 28.58 38.45 24.47 35.75 39.28 37.33 31.02 44.19 27.74 39.47 46.21 35.89

SD 0.43 0.41 0.52 0.38 0.86 1.57 0.55 0.77 0.75 0.81 0.79 0.64 0.63 0.89 0.86 0.39 0.68 0.68 0.84 0.67 0.61 0.65 0.79 1.17

RT 10 PCF 10 PCF + cortical 20 PCF 20 PCF + cortical

a b c d e f a b c d e f a b c d e f a b c d e f

Mean 7.39 8.31 6.81 9.30 10.41 8.42 11.28 14.45 11.11 14.79 17.24 11.16 17.92 27.55 14.87 24,90 36.65 23.75 19.46 32.38 23.84 34.42 39.09 28.67

SD 0.34 0.43 0.82 0.43 0.43 0.40 0.92 0.53 0.89 0.76 0.74 1.29 0.64 0.80 0.75 0.49 1.06 0.81 0.68 0.68 0.97 0.71 0.72 0.84

RFA-BL 10 PCF 10 PCF + cortical 20 PCF 20 PCF + cortical

a b c d e f a b c d e f a b c d e f a b c d e f

Mean 54.50 55.50 55.40 54.60 56.20 55.6 62.50 63.50 62.80 63.30 62.40 59.70 67.40 66.40 65.60 66.40 66.70 63.50 66.40 66.60 68.40 66.10 67.40 65.70

SD 0.53 0.53 0.52 1.17 0.92 0.52 0.53 0.53 0.79 0.82 0.52 0.67 0.52 0.52 0.70 0.52 0.48 0.53 0.52 0.52 0.52 0.99 0.52 0.95

RFA-MD 10 PCF 10 PCF + cortical 20 PCF 20 PCF + cortical

a b c d e f a b c d e f a b c d e f a b c d e f

Mean 54.50 55.40 55.50 54.60 56.60 55.7 62.60 63.50 63.00 63.10 62.50 60.10 67.60 66.50 65.90 66.40 66.40 63.50 66.20 67.10 67.40 66.70 67.50 65.80

SD 0.52 0.52 0.53 1.08 0.97 0.48 0.52 0.53 0.94 0.74 0.53 0.74 0.52 0.53 0.99 0.52 0.52 0.53 0.42 0.88 3.34 0.95 0.53 0.92

3.1. Evaluation of IT Values

The IT values appeared to be directly proportional to the density of the blocks: lower
values were registered in the 10 PCF density block without the cortical sheet, with the
lowest IT values of 8.36 ± 0.52 Ncm for 4 × 13 mm TAC implants with the 3.2 mm site
preparation protocol, while higher values were found in the 20 PCF density block with the
cortical sheet, with the highest values of 46.21 ± 0.79 Ncm for 4 × 13 mm TAC implants
with the 2.2 mm site preparation protocol. Thus, the IT values appeared to proportionally
increase with the decrease in the under-preparation size of the sites, showing the highest
values with 4 × 13 mm implants and 2.2 mm burs in all the experimental conditions
(23.34 ± 0.79 Ncm and 11.88 ± 0.86 Ncm in 10 PCF density blocks with and without the
cortical sheet, respectively, and 46.21 ± 0.79 Ncm and 39.28 ± 0.68 Ncm in 20 PCF density
blocks with and without the cortical sheet, respectively), always reaching a statistical
significance, except when compared with 3.3 × 13 mm implants and 2.2 mm protocol in
the 20 PCF density block without the cortical sheet. The IT increased about 7–10 points
for each decrease in diameter of the under-preparation, except in the lowest densities of
the material, where the increase was about 2–5 points in the 10 PCF density block with the
cortical sheet and 1–2 points in the 10 PCF density block without the cortical sheet. Indeed,
all implants presented quite low IT values in the 10 PCF density block without the cortical
sheet, despite the under-preparation size (7.8–12.9 Ncm) (Figure 8).
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Overall, the inserted implants may be considered stable in all conditions, without
stressing too much the artificial bone.

3.2. Evaluation of RT Values

The RT always showed lower values than those of the IT for both the implants tested,
with higher differences in 20 PCF density blocks with and without the cortical sheet. Moreover,
these values were proportional to the increase in the polyurethane block density and to the
decrease in the under-preparation size. In particular, the values reached 39.09 ± 0.72 Ncm
with 4 × 13 mm implants and 2.2 mm burs and 32.38 ± 0.68 Ncm with 3.3 × 13 mm implants
and 2.2 mm burs in the 20 PCF density block with the cortical sheet, without statistically
significant differences. Conversely, in the 10 PCF density block without the cortical sheet, the
lowest RT values were registered for 4 × 13 mm TAC implants (6.81 ± 0.82 Ncm) and for
3.3 × 13 mm TAC implants (7.39 ± 0.34 Ncm) in the sites prepared with the 3.2 mm bur and
the 2.8 mm bur, respectively, always not reporting significant differences. However, in the
same bone density, 4 × 13 mm implants showed the highest RT values in 2.8 mm and 2.2 mm
prepared sites (9.3 ± 0.43 and 10.41 ± 0.43 Ncm, respectively).

Moreover, RT values reported for the two implants with all the under-prepared sizes
in 20 PCF density blocks were significantly higher than the corresponding ones registered
in the lowest-density block, with the exception of 4 × 13 mm TAC implants and the 3.2 mm
bur in the 20 PCF density block without the cortical sheet.

Specifically, the increase in RT values, in concomitance with the increase in the under-
preparation, showed to be about 4–14 Ncm lower than the corresponding IT values in
20 PCF density blocks with and without the cortical sheet, while about 2–6 Ncm lower
for each increase in the under-preparation in 10 PCF density blocks with and without the
cortical sheet (Figure 9).



Appl. Sci. 2023, 13, 6041 9 of 15Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 16 
 

 
Figure 9. RT measurements derived from the two types of implants inserted in all the artificial bone 
densities. Data are expressed as means ± SD, following the Kolmogorov–Smirnov test. * p < 0.05, ** 
p < 0.01, *** p < 0.001, **** p < 0.0001. 

3.3. Evaluation of RFA Values 
Concerning RFA values, they appeared uniform and high in all polyurethane densi-

ties and with all under-preparation protocols, without significant differences among the 
implants tested on the same foam. Indeed, all the values measured in the different exper-
imental conditions were included between 53 and 69 ISQ. More specifically, higher values 
were registered in the highest-density block (20 PCF density with the cortical sheet), with 
68.40 ± 0.52 ISQ and 67.50 ± 0.53 for 4 × 13 mm implants and 3.2 mm and 2.2 mm burs, 
respectively. In contrast, the lowest values were found in the 10 PCF density block without 
the cortical sheet but reaching 56.60 ± 0.97 ISQ for 4 × 13 mm implants and 55.50 ± 0.53 ISQ 
for 3.3 × 13 mm implants with 2.2 mm burs. 

In particular, both 4 × 13 mm and 3.3 × 13 mm TAC implants inserted in the 20 PCF 
block with the cortical sheet using all the under-preparation protocols exhibited signifi-
cantly higher RFA values in respect to the corresponding ones inserted in the 10 PCF block 
without the cortical, except for the 4 × 13 mm TAC implant and the “short” protocol in the 
20 PCF density block without the cortical sheet. Additionally, 3.3 × 13 mm TAC implants 
inserted in the 20 PCF density block without the cortical sheet showed a significantly 
higher ISQ also in respect to the corresponding implants inserted in the 10 PCF density 
block with the cortical sheet (Figure 10). 

Figure 9. RT measurements derived from the two types of implants inserted in all the artificial bone
densities. Data are expressed as means ± SD, following the Kolmogorov–Smirnov test. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.3. Evaluation of RFA Values

Concerning RFA values, they appeared uniform and high in all polyurethane den-
sities and with all under-preparation protocols, without significant differences among
the implants tested on the same foam. Indeed, all the values measured in the different
experimental conditions were included between 53 and 69 ISQ. More specifically, higher
values were registered in the highest-density block (20 PCF density with the cortical sheet),
with 68.40 ± 0.52 ISQ and 67.50 ± 0.53 for 4 × 13 mm implants and 3.2 mm and 2.2 mm
burs, respectively. In contrast, the lowest values were found in the 10 PCF density block
without the cortical sheet but reaching 56.60 ± 0.97 ISQ for 4 × 13 mm implants and
55.50 ± 0.53 ISQ for 3.3 × 13 mm implants with 2.2 mm burs.

In particular, both 4 × 13 mm and 3.3 × 13 mm TAC implants inserted in the 20 PCF
block with the cortical sheet using all the under-preparation protocols exhibited significantly
higher RFA values in respect to the corresponding ones inserted in the 10 PCF block without
the cortical, except for the 4 × 13 mm TAC implant and the “short” protocol in the 20 PCF
density block without the cortical sheet. Additionally, 3.3 × 13 mm TAC implants inserted
in the 20 PCF density block without the cortical sheet showed a significantly higher ISQ
also in respect to the corresponding implants inserted in the 10 PCF density block with the
cortical sheet (Figure 10).
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4. Discussion

Several surgical techniques have been proposed to improve implant PS in cancellous
low-quality and low-density bone, among which there is a surgical technique, called under-
preparation of the bone site, which consists of preparing the bone site with a smaller
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size than the diameter of the implant used [5]. Tabassum et al. [35] showed a correlation
between the implant PS and the thickness of a cortical artificial bone, with statistically
significant higher IT and RT values for implants inserted in under-sized sites compared to
press-fit sites in vitro. For this reason, the under-preparation of the bone sites seemed to
improve the implant PS. In another in vitro study performed on fresh humid poor-quality
bovine bone [36], it was demonstrated that a 10% under-preparation of the site was enough
to increase the implant PS. Later, an animal study on sheep [37] also showed improved
biomechanics of implants placed into under-drilled sites. However, during the early healing
period, a major remodeling of the cortical bone was observed. Similar results were found
by Antonacci et al. [38] in a systematic literature review with meta-regression, in which
it was reported that marginal bone loss had a relationship with the drilling preparation
technique and with the bone density, besides a greater mismatch between the implant and
the osteotomy site, related to a higher marginal bone loss in higher bone densities. Even
though the use of under-sized drilling may lead to higher marginal bone loss, it was used
to increase the PS [39].

Moreover, in a human cadaver study, other researchers [23] reported an improved
PS with under-sized implant site preparations and demonstrated significant correlations
among the bone density, the IT, and the RFA. In addition, self-tapping implants with self-
cutting flutes were also found to influence PS [9]. In fact, osseodensification determines a
higher IT also in low-quality bone [40], as well as a significant increase in bone density, PS,
bone-to-implant contact (BIC), and bone area frequency occupancy [41–43].

Thus, according to some in vitro and cadaver studies [5,6,22,26,44], the implant site
under-preparation is able to significantly improve not only the IT and RFA, but also the
implant PS in low-quality bone. Moreover, in preparing dental implant osteotomies, it was
revealed that a low-speed drilling without irrigation has been comparable to conventional
drilling [45].

In this work, IT values increased according to the site under-preparation, and so to the
decreased size of the site, showing always a statistically significance among the different
artificial bone densities. The ISQ score results were high in all the experimental conditions,
especially in the highest artificial bone densities, where the reported RFA values were
significantly higher in respect to those of implants inserted in the 10 PCF density block
without the cortical sheet, except for 4 × 13 mm TAC implants and the “short” protocol in
the 20 PCF density block without the cortical sheet. Moreover, 3.3 × 13 mm TAC implants
inserted in the 20 PCF density block without the cortical sheet exhibited significantly higher
ISQ also in respect to the corresponding implants inserted in the 10 PCF density block with
the cortical sheet.

Nonetheless, no significant differences related to the amount of site under-preparation
and to the implant diameter among the implants tested on the same polyurethane block have
been reported in the present study. In other words, all these implants have shown a good
stability using all the under-preparation protocols, mostly in higher-density polyurethane
blocks. In low-density polyurethane blocks, it might be proposed to increase the under-
preparation of the site up to 1.5–1.8 mm, since a 2.2 mm size seemed to show higher results
mainly with 4 × 13 mm TAC implants in the 10 PCF density block without exhibiting a
statistical significance.

Thus, the initial study hypothesis considering the RFA, RT, and IT increase propor-
tionally to the increase in artificial bone density and site under-preparation was accepted,
demonstrating no significant differences in ISQ values between the two implant diameters
and under-sizing protocols. Regarding the IT, significant higher values have always been
reported by 4 × 13 mm TAC implants and the 2.2 mm protocol (23.34 ± 0.79 Ncm and
11.88 ± 0.86 Ncm in 10 PCF density blocks with and without the cortical sheet, respectively,
and 46.21 ± 0.79 Ncm and 39.28 ± 0.68 Ncm in 20 PCF density blocks with and without
the cortical sheet, respectively), except when compared with 3.3 × 13 mm TAC implants
and the 2.2 mm protocol in the 20 PCF density block without the cortical sheet. RT, instead,
is clinically defined as the force needed to remove an implant from the bone and it is
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considered a predictable way to prove implant stability, indirectly providing information
on the degree of bone-to-impact contact (BIC) [46]. Considering a maximum of 80 Ncm
as a limit to prevent mechanical damage to implants and 30 Ncm as a valid level for RT
assessment, it may be used for comparative tests on implant surfaces, macromorphologies,
and materials [47,48]. Here, the RT values, as well as IT ones, were proportional to the
increase in the polyurethane block density and to the decrease in the under-preparation
size for both the implants tested. In particular, the values reached 39.09 ± 0.72 Ncm with
4 × 13 mm implants and 2.2 mm burs and 32.38 ± 0.68 Ncm with 3.3 × 13 mm implants
and 2.2 mm burs in the 20 PCF density block with the cortical sheet, without statistically
significant differences. In contrast, in the 10 PCF density block without the cortical sheet,
the lowest RT values were registered for 4 × 13 mm TAC implants (6.81 ± 0.82 Ncm) and
for 3.3 × 13 mm TAC implants (7.39 ± 0.34 Ncm) in the sites prepared with the 3.2 mm bur
and the 2.8 mm bur, respectively, always not reporting significant differences. However,
in the same bone density, 4 × 13 mm implants showed the highest RT values in 2.8 mm
and 2.2 mm prepared sites (9.3 ± 0.43 and 10.41 ± 0.43 Ncm, respectively). In addition,
the increase in RT values, in concomitance with the increase in the under-preparation, was
about 4–14 Ncm lower than the corresponding IT values in 20 PCF density blocks with
and without the cortical sheet and about 2–6 Ncm lower for 10 PCF density blocks with
and without the cortical sheet. Based on the aforementioned results, this indicates a higher
stability and contact with the material for both implants in the higher-density blocks and
mainly with the 2.2 mm under-sizing protocol.

Concerning the limitations of the present study, the absence of human individual
variability, bone response, and natural health or pathological bone microenvironment,
as well as variables regarding the surgical technique, should be considered in order to
better discuss these data. Although polyurethane foams have been often used in implant
research because of their consistent and reproducible testing nature, they will never be
able to fully replicate the complex properties of a real bone. Therefore, the results obtained
in this study may not fully reflect the in vivo performance of TAC implants. Other lim-
itations could be related to the choice of only low polyurethane block densities to test
the effectiveness of under-sizing and the assessment of a limited type of forces tested on
implants. In fact, higher densities mimicking the D2-D1 bone type, besides evaluating the
biomechanical performance of dental implants with finite element analysis (FEA) studies
would further strengthen the use of polyurethane foams as a human bone model to study
implant behavior.

However, with all the strong limitations related to an in vitro study performed on a
non-human bone tissue, the authors may speculate that this preliminary information, in
the future, after the essential and urgent corroboration of data with animal and clinical
studies, could be useful for clinicians who intend to use the One-Abutment One-Time
technique. In fact, if the registered IT values are too low, it will be neither possible to
insert the prosthetic components nor to immediately load the implants. The so-called
“short” protocol could be proposed in case of a wider crestal bone area and in the presence
of a high-quality and particularly thick cortical bone, when the implant insertion could
be difficult, and a significant increase in the IT could be necessary (up to 70–100 Ncm).
Moreover, the macromorphology of the implants used in this in vitro study presents cutting
threads that might be of great help during the implant insertion, so it could be inserted
with a relatively low torque, without stressing the implant–abutment connection and the
peri-implant tissues.

Lastly, in the future, it could be also interesting and useful to evaluate the effect of
such under-preparation protocols on PS implantation on alternative in vitro models, such
as 3D-printed bone grafts, which could represent a personalized regenerative medicine
approach compared to artificial bone [49].
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5. Conclusions

In the present research, the IT and RT of both implant diameters have always shown
increasing values that were proportional to the decrease in the under-preparation size.
Furthermore, the registered RFA values were uniformly high in all different polyurethane
densities, when using all the different under-preparation protocols and implants, except for
higher-density blocks that showed significantly higher ISQ in respect to the 10 PCF density
block without the cortical sheet.

In conclusion, the under-drilling of implant sites has been shown to be effective in
increasing the implant PS in a low-density artificial bone model and from a clinical point
of view; it was interesting to see no significant RFA differences between the two implant
groups in order to choose the smaller diameter that needs less under-sizing and maybe use
the 4 mm diameter with a higher under-preparation of the site only in low-density bones.
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