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Abstract: Background: Posterior maxillary atrophies could emerge after the loss of teeth, trauma,
infections, or lesions that often require regenerative approaches. In these critical conditions, the
achievement of implant primary stability represents a clinical challenge in the operative practice.
Therefore, a two-stage approach is often preferred with a delay of the rehabilitation time and a
consistent increasing of the biological and the operative costs. The aim of this study was to evaluate
the mechanical behaviour of a self-condenser implant compared to a standard implant in a critical
simulation on different thicknesses and densities of polyurethane lamina. Materials and methods:
A total of two implant models were tested: a self-condensing device (test) and a standard implant
(control). The study evaluated the insertion torque and the pull-out strength values of the test and
control implants inserted in different sizes (1, 2, and 3 mm) and density polyurethane lamina (10, 20,
and 30 pcf) for a total of 320 experimental sites. Results: In total, 320 experimental sites were produced
in the polyurethane samples. A statistically significant difference of insertion and pull-out torque
values between the test and control Implants was found in the different bone densities (p < 0.05). The
insertion and pull-out torque values were always higher for the test implants in all experimental
conditions. In all bone densities, the insertion torque values were higher than the pull-out torque
values. The self-condenser dental implant design evaluated in this in vitro study showed a high level
of stability in all experimental conditions. Conclusions: The test implant could represent a useful tool
for a one-stage surgical approach in the presence of limited residual native bone as an alternative to a
delayed technique.

Keywords: maxillary atrophies; dental implant; primary stability; laboratory simulation

Appl. Sci. 2022, 12, 966. https://doi.org/10.3390/app12030966 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12030966
https://doi.org/10.3390/app12030966
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-9653-2006
https://orcid.org/0000-0001-9720-2116
https://orcid.org/0000-0001-8770-5297
https://doi.org/10.3390/app12030966
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12030966?type=check_update&version=1


Appl. Sci. 2022, 12, 966 2 of 13

1. Introduction

Currently, osseointegrated implants have a high long-term predictability associated
to fixed oral rehabilitation [1]. The essential condition to support the functional loading
of the dental implant is the creation of an intimate and dynamic relationship between the
device surface and the vital surrounding bone [2,3]. This aspect is directly associated to
the fixture primary stability, the bone tissue quantity and quality, the implant macro- and
micro-design, the surface characteristics, and the thread profile and pitch, which represent
key factors for implant osseointegration [2–6]. Bone density seems to be a critical factor for
implants’ primary stability. Misch et al. classified bone density into four different categories,
based on the perception of the subjective operator during osteotomy perforation (D1 is
the hardest and D4 the softest). It is a non-quantitative, subjective, and non-reproducible
system [7]. In the literature, it was reported that the high predictability associated with
oral implant rehabilitation is directly correlated to obtaining fixture primary stability and
a successful functional healing of the osteotomy site. Many different dental implant and
thread profiles have been proposed to achieve a favourable primary stability in low bone
density [8]. The assessment of the quality of the bone structure must be considered as
an essential procedure before the implant placement in order to avoid early bone failure
and increase the success of the surgical procedure [9]. Posterior edentulous maxillary
ridges are often associated with a lack of bone quantity and quality due to the proximity
of the maxillary sinus. In this scenario, a regenerative approach is often required. The
primary stability of the dental implant is considered in the literature as a key factor for
the long-term predictability of endosseous implants under functional loading [5]. This
concept is correlated to the absence of micromobility of the fixture when in contact with
the bone substrate [10]. The primary stability is clinically determined by the mechanical
relationships and interface engagement of the fixture with the cortical bone [11]. In fact,
the bone–implant interface is influenced by the surgical technique [12] and the size of the
implant, design, and micro-/macrotopography [13].

In this way, many different approaches have been described to improve the primary
stability in critical density and bone availability: under preparation techniques [6,14],
manual and stepped osteotomies [10], optimized implant micro- and macro-geometry,
and thread profiles [15]. It is very important to quantify the stability of the implant
at various times for a long-term prognosis. Therefore, the use of simple and clinically
applicable non-invasive tests to evaluate implant stability and osseointegration can be
considered useful [10,16–20]. In this way, many different non-destructive protocols have
been reported in the literature for the primary stability assessment, for example insertion
torque (IT) [21] and resonance frequency analysis (RFA) [22]. Polyurethane blocks in
the form of standardized densities have been proposed for in vitro tests to simulate the
consistency and the density of the bone [23].

The aim of the present study was to evaluate through a laboratory simulation the
biomechanical behaviour of an implant with a special design proposed for a one-stage
sinus augmentation compared to a standard implant.

2. Materials and Methods
2.1. Polyurethane Foam Blocks

Polyurethane foam could be an alternative useful material to provide mechanical
tests for human bone. The American Society for Testing and Materials (ASTM F-1839-08)
indicated the polyurethane blocks for standardized tests of dental implants according to
their physical and mechanical properties [24]. In fact, polyurethane block simulation is
able to avoid the disadvantage correlated with human cadaveric and xenogeneic bone,
offering an alternative substrate with a similar biomechanical structure and consistent
characteristics. Moreover, the use of an artificial substrate offers a uniform structural
pattern and density that avoids several different variables, such as the temperature and
environmental humidity. This material exhibits similar properties to bone, and it is reliable
and requires no special handling or preservation.
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2.2. Implant Preparation

Sinus-PlantTM (Oralplant Suisse, Mendrisio, Switzerland) titanium implants (test
implants) were used for the present in vitro investigation (Figure 1). The morphology
of the implant provided a conometrical coupling by the troncoconical geometry, with a
height of the conical section of 4 mm. The 0.4 mm pitch profile of the threads generated
a lateral bone condensation induced by a progressive expansion of the implant site and
increased the primary stability during the placement. The round apex was studied to try
to preserve the Schneiderian membrane and to create a controlled insertion pressure. The
prosthetic platform provided a switching platform conometrical coupling allowing a better
antibacterial seal. The Titanium Pull Spray Superficial (TPSS) obtained by a high-precision
treatment of the implant with 0.5-micron aluminium oxide tips provided rounded and
porous surface microcavities.
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Figure 1. Sinus-Plant (Oralplant Suisse, Mendrisio, Switzerland). Test Implant.

A cylindrical screw-shaped implant was used as the control implant: 13 mm length
diameter of the platform 4.1 mm, and body diameter 3.75 mm (Restore, Keystone Dental,
Burlington, MA, USA). The coronal portion of the two experimental implants presented
the same diameter but a different shape: a troncoconical geometry for the test implant and
a cylindrical morphology for the control implant (Figure 2).
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Figure 2. Restore (Keystone Dental, Burlington, MA, USA) Control Implant.

2.3. Experimental Design of the Study

The present investigation was performed following a previously described study
model design by Comuzzi et al. [25].

The experimental implants were positioned in accordance with the protocol described
by the manufacturer. The drilling sequence was implant lance drill, 2 mm drill (1600 rpm),
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and 3.8 final drill (800 rpm) (Figure 3). The handpiece was calibrated at a speed of 70
rpm and a torque of 30 Ncm. The measurement of the insertion torque was obtained
and elaborated by the dedicated software package (ImpDat Plus, East Lansing, MI, USA)
provided by a digital device. The insertion torque (IT, Ncm) assessment indicated the
maximum clockwise force recorded during the positioning in the implant site. The entire
procedure was conducted by a single operator (LC), evaluating the IT and the pullout
measurement of both the test and control implants positioned in the polyurethane blocks.
The experiment was conducted on different densities of polyurethane blocks (SawBones H,
Pacific Research Laboratories Inc., Vashon, WA, USA). The selected polyurethane blocks
densities were:

• 10 pounds per cubic foot (pcf);
• 20 pounds per cubic foot (pcf);
• 30 pounds per cubic foot (pcf).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 4 of 14 
 

2.3. Experimental Design of the Study 
The present investigation was performed following a previously described study 

model design by Comuzzi et al. [25]. 
The experimental implants were positioned in accordance with the protocol de-

scribed by the manufacturer. The drilling sequence was implant lance drill, 2 mm drill 
(1600 rpm), and 3.8 final drill (800 rpm) (Figure 3). The handpiece was calibrated at a speed 
of 70 rpm and a torque of 30 Ncm. The measurement of the insertion torque was obtained 
and elaborated by the dedicated software package (ImpDat Plus, East Lansing, MI, USA) 
provided by a digital device. The insertion torque (IT, Ncm) assessment indicated the 
maximum clockwise force recorded during the positioning in the implant site. The entire 
procedure was conducted by a single operator (LC), evaluating the IT and the pullout 
measurement of both the test and control implants positioned in the polyurethane blocks. 
The experiment was conducted on different densities of polyurethane blocks (SawBones 
H, Pacific Research Laboratories Inc, Vashon, DC, USA). The selected polyurethane blocks 
densities were: 
• 10 pounds per cubic foot (pcf); 
• 20 pounds per cubic foot (pcf); 
• 30 pounds per cubic foot (pcf). 

Moreover, 3 sizes of polyurethane substrates were used for a total of 16 blocks and 
320 experimental sites:  
• 13 cm × 18 cm × 1 mm (20, 30 PCF);  
• 13 cm × 18 cm × 2 mm (10, 20, 30 PCF); 
• 13 cm × 18 cm × 3 mm (10, 20, 30 PCF). 

 
Figure 3. Summary of the study design. The test and control implant were tested in different poly-
urethane foams. 

2.4. Implant Drill 
Test implants were positioned by a 2 mm surgical drill set at 1500 rpm, 3.8 mm drill 

at 800 rpm, 10 mm length drill, and 4.5 mm drill at 40 rpm. The implant fixture was 

Figure 3. Summary of the study design. The test and control implant were tested in different
polyurethane foams.

Moreover, 3 sizes of polyurethane substrates were used for a total of 16 blocks and 320
experimental sites:

• 13 cm × 18 cm × 1 mm (20, 30 PCF);
• 13 cm × 18 cm × 2 mm (10, 20, 30 PCF);
• 13 cm × 18 cm × 3 mm (10, 20, 30 PCF).

2.4. Implant Drill

Test implants were positioned by a 2 mm surgical drill set at 1500 rpm, 3.8 mm drill
at 800 rpm, 10 mm length drill, and 4.5 mm drill at 40 rpm. The implant fixture was
positioned, imposing a predetermined maximum torque of 46 Ncm at 30 rpm, using a
surgical motor. The control group fixtures were positioned in accordance with the following
drilling protocol: 2 mm drill at 1500 rpm, 3 mm drill at 800 rpm. The control implant was
positioned by a calibrated torque of 46 Ncm at 30 rpm using a surgical motor.



Appl. Sci. 2022, 12, 966 5 of 13

2.5. Insertion Torque E Pull-Out Torque

The laboratory experiment was performed evaluating the IT and the PO peaks mea-
sured by an electronic torquemeter (UNIKA, Oralplant Suisse, Mendrisio, Switzerland).
The implant IT and PO torque gauges were measured at the complete positioning in the
polyurethane lamina. In the present investigation, 320 sites (160 for each group) in different
polyurethane blocks were evaluated, 20 osteotomies for each density and polyurethane
block size.

2.6. Resonance Frequency Analysis

The implant primary stability was measured in accordance with the resonance fre-
quency analysis (RFA) that was assessed following the implant stability quotient score (ISQ).
The experimental measurement was performed through a dedicated device Smart-Pegs
(Osstell Mentor Device, Integration Diagnostic AB, Savadelen, Sweden) (Figures 4 and 5).
The ISQ score range was classified into different stability classes [22]:

• Low stability < 60 ISQ;
• Medium stability 60–70 ISQ;
• High stability > 70 ISQ.

For each sample, the assessment was performed 2 times and the measurements were
performed according to two difference orientations at 90-degree. The ISQ means were
calculated and considered for the statistical analysis.
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Figure 4. Test Group. (A) Polyurethane Block drilling holes. (B) Aspect of site preparation after
drilling. (C) Placement of the Sinus Implant by the surgical motor at 1 mm from the block level. (D)
Placement of the fixture for the last 1 mm with a manual ratchet. (E) Aspect of the backside of the
preparation.
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Figure 5. Control Group: RFA measurement of the implant positioned in the polyurethane block.
The evaluation was repeated two times for each measurement. (A) Dental implant micromovement
evaluation through the RFA implant stability. (B) Detail of the measurement of the implant stability
quotient (ISQ).

2.7. Statistical Analysis

The IT, PO, and RFA means were evaluated for both the test and control groups. The
study data were evaluated by the one-way ANOVA followed by Tukey post-hoc test. The
statistical significance was set for p-value < 0.05. The statistical analysis and descriptive
statistics were performed by the Graphpad 6 (Prism, San Diego, CA, USA) software package.
The operator agreement for RFA assessment was performed by the Bland–Altman plot and
the linear regression model was adopted to determine the agreement of the RFA assessment.

3. Results

The study findings showed a significant difference of the IT values between both the
test and control implant groups positioned in polyurethane substrates conditions (p < 0.01)
(Figure 6). The IT of the test Implants showed a significant increase in higher bone densities.
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The dental implants of the control group did not show statistically significant differ-
ences of the insertion torque and pull out torque means when positioned in 1 and 2 mm
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bone thicknesses (10 and 20 PCF) blocks (p > 0.05). A significant increase of IT and PO was
reported with the implant positioned in 2 mm/30 PCF lamina and 3 mm/30 PCF lamina
(p < 0.01). In both groups, the insertion torque values were higher than the pull-out torque
values (p < 0.01) (Figures 6 and 7) (Tables 1 and 2).
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(±) 1.23 1.50 0.97 1.46 1.33 1.45 1.31 1.72 1.23 1.69 2.16 2.16 1.36 1.14 1.73 1.50

As for the RFA analyses (Figure 8), the measurements were compared following the
linear regression scatter plot and the Bland–Altman model (Figures 8–10). The Pearson
correlation coefficient was 0.98 (95% CI 4.08 to 4.68) and the agreement analysis showed
that the mean difference between measurements was −0.30. The Bland–Altman plot
showed the differences between the RFA measurements and their limits of agreement
(Figure 9). Intergroup RFA measurement showed the highest values in the test Implants
when compared to the control implants in all experimental densities and block thicknessed
(p < 0.01) (Figure 8). Intragroup evaluation of the test implants showed an increase of the
ISQ values related to the increase of the block thicknesses and densities in all conditions
(p < 0.01). Control implants showed lower values of ISQ at 2 mm 10 PCF, with a significant
increase at higher bone densities (p < 0.05) (Figure 9).
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4. Discussion

Polyurethane material in the form of solid rigid blocks and foams has been considered
a useful bone substitute for biomechanical laboratory research as early as the 1990s to test
materials and implantable medical devices [24]. Commercially, the samples are available
in the form of homogeneous blocks or polyurethane composites-glass fibre epoxy resin,
in order to mimic the human cortical bone behaviour and a cellular internal structure to
simulate the cancellous alveolar bone ridges [26,27]. The rationale of the present investi-
gation was to recreate in a laboratory standardized simulation of a particular recurrent
clinical condition of severe bone atrophy with a bone ridge height < 3 mm. On the contrary,
the limit of the present study was associated with the possible microscopic mismatch that
could also be present in a calibrated drilling protocol. In the second instance, the present
study aimed to evaluate the reliability of the surgical procedure performed on an artificial
bone substrate measuring the primary stability and the micromovement response with an
intra-operator agreement approach. As reported by the mechanostatic theory by Frost [28],
this evidence is recurrent in the edentulous jaws area with an overloading generated by
a passive prosthetic function that is able to generate severe bone resorption that could
invalidate an efficient implant-supported rehabilitation in maxillary atrophic areas [29–33].
In this way, the different experimental conditions considered a wide density pool in order
to evaluate the behaviour and the mechanical response of the tested implants in a very
critical clinical occurrence, while the most frequent intra-operative complication in this
region during the implant positioning is the early loss of fixture stability [34,35].

The primary stability is described as the mechanical frictional stability of the implant
device when positioned in native bone tissue [36]. Moreover, the achievement of primary
stability in the posterior maxilla represents a critical factor due to the poor bone density
of this anatomical region, especially for an immediate functional loading protocol [12].
Primary implant stability seems to be strictly correlated to implant diameter and length,
the micro- and macro-design of the threads, the cortical thickness, and the cortical bone
density [5,15]. The maximum peak torque recorded during the implant fixture positioning
was provided by the rotational stability of the implant. The implant primary stability
could be clinically assessed in accordance with different quantitative and semi-quantitative
methods, such as insertion torque [37], removal torque [16], periotest [38], and resonance
frequency analysis [10,22]. In the present investigation, the test and control implant place-
ment stability was assessed on a synthetic artificial substrate in the form of standardized
rigid polyurethane foam blocks.

In the present study, the control implant group showed the lowest values of insertion
and pull-out torque in all experimental conditions. The control implant group showed,
moreover, ISQ values lower than 60, with a low stability of the implant [39]. On the contrary,
the test implants showed significantly higher values of insertion torque, pull-out torque,
and ISQ in all experimental conditions.

Clinically, a minimum of 15 N/cm torque and 65 ISQ has been recommended for a
successful implant osseointegration, with higher values related to an increased percentage
of success rates [37]. Additionally, a maximum torque of 50 N/cm has been recommended
to preserve the native bone tissue against mechanical stress, which could potentially
generate peri-implant bone loss [40]. The two implants used in this study had a different
morphology and outer diameter. The conometrical geometry of the implant seemed to
provide an important and relevant effect on implant stability.

The inverse conical geometry of the implant is advantageous in many different clinical
occurrences and in low-density bone [25,41]. In fact, the posterior maxilla regions are
generally associated with a reduced cortical compartment and wider cancellous/medullary
spaces [42]. Moreover, the pneumatization of the maxillary sinus is clinically associated in
edentulous posterior maxillary regions with bone augmentation procedures [43].

The effectiveness of the present study showed an excellent primary stability of the
test implants in the area of the atrophic distal maxilla, while the results speak in favour
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of the use of very well mineralized bone, such as palatal bone and pterygoid plates of the
sphenoid bone, used in anchoring tubero-pterygoid implants [33,44–50].

The sinus augmentation procedures are generally oriented in relation to the vertical
residual bone tissue with a two-stage/single stage surgery [51,52]. The capacity of a
successful primary stability with a 2–3 mm residual bone takes advantage of a strong
reduction of the rehabilitation period, less surgical interventions, and a cost-effective
procedures [53]. Moreover, in case of D4 bone, this geometry could be used to increase the
primary stability and determine an effective increase of the insertion torque parameters
during the surgical procedure [11]. The design of the test implant, with its self-condensing
properties on the implant preparation walls, could produce an increase of the friction
between the implant and material. In fact, micromovement or motion between freshly
placed implant and bone can jeopardize the osseointegration in vivo [40,54–57]. This aspect
could be a determinant factor in the posterior maxilla, where there is a reduced bone volume
and poor density. Obtaining primary stability in such an area is critical for successful
implant therapy [15]. Structural and morphological alterations related to edentulism in
the posterior maxilla often require bone augmentation procedures for implant-supported
restoration [58–65]. The residual bone height represents a determinant for the clinician in
order to choose a one- or two-stage approach for implant placement [1,66–68].

5. Conclusions

The effectiveness of the present study showed that the dental implant self-condensing
design seems advantageous for the treatment of maxillary severe atrophies due to the
higher stability obtained in all experimental conditions and densities. This evidence could
represent a useful tool for a one-stage surgical approach in the presence of limited residual
native bone as an alternative to a delayed approach in bone regeneration protocols.
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