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Abstract: The purpose of this in silico study was to investigate the effect of abutment screw torque
and implant-abutment contact surfaces on the stress generation, microgap formation and simulated
fatigue life of an external hexagon connection under oblique loading. Three-dimensional numerical
models of the external hexagon implant were modeled containing two different implant-abutment
contact surfaces (with and without contacting the hexagon axial walls) as well as using screw torques
of 20 Nem or 30 Nem. Following the ISO 14801, an oblique load of 100 N was applied to the
prosthesis. The von Mises stress, microgap formation, safety factor and fatigue life were obtained.
The stresses in the abutment screw and implant were minimally influenced by the screw torque.
However, this minimal stress in the screw with a 30 Ncm torque reduced the calculated fatigue
life in comparison with 20 Ncm when the external hexagon axial walls were not in contact at the
implant-abutment interface. The safety factor for the implant was higher when using minimal
surfaces at the abutment-interfaces; however, it compromised the screw safety factor increasing
its failure probability. The higher the screw torque, the lower was the microgap formation at the
implant-abutment interface. However, the calculated residual stress is proportional to the applied
torque, reducing the fatigue life in the screw. This effect can be attenuated using an implant-abutment
system with more contacting surfaces.
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1. Introduction

Dental implants remain an important treatment option for the replacement of a missing
tooth or teeth, as the success rate approximates 90% [1]. Osseointegration is a necessary
requirement for the treatment modality [2], but may be jeopardized by peri-implantitis,
which is a pathological cause of bone loss [3]. Peri-implantitis may result from several
factors [3], including a poor implant-abutment interface, which could act as a facilitating
factor in some cases.

The implant-abutment interface and peri-implantitis are correlated as bacterial plaque
may accumulate at the level of the interface [3,4]. In cases where voids are present in the
connection joint, they can be colonized by bacteria and form a bacterial reservoir that would
subsequently contaminate the implant’s surroundings, negatively affecting the health of the
peri-implant tissues [2]. The literature reports that this potential colonization of the implant—
abutment micro-gap is related to multiple factors, including vertical misfit between the
implant components, implant system design, applied torque and screw tightening [2,5].
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A previous report, employing three-dimensional X-ray microtomography, demon-
strated that different types of implant-abutment interfaces result in different levels of
bacterial penetration [6]. In addition, implant systems with higher amounts of contacting
surfaces, between the implant and abutment, could present a more optimal connection [6].
As the stresses generated on implants in the posterior region are higher at the implant-
abutment interface [6], the masticatory forces could affect the settling of the abutment
into the implant and a preload loss may occur with the incidence of occlusal loading [7,8].
Therefore, maximizing the amount of contacting surfaces at the implant-abutment interface
can contribute to better stress distribution. Nevertheless, other factors can also affect the
stress distribution of an implant-supported restoration, such as crown height, implant
connection, load direction, cusp inclination, occlusal anatomy, and implant position [7].

When using implant-supported restorations with a two-piece system, careful attention
is required in the prosthetic planning. The presence of a prosthetic screw can present
an important region that concentrates stress and may lead to a biomechanical failure [9].
The presence of a prosthetic screw may also be impacted by the prosthetic connection,
since the loosening of the screw has been 38% greater in external connections than in
internal connections [10]. The external hexagon failure has also been attributed to the
reduced resistance against the formation of microgap at the implant-abutment interface
compared to the internal connection [10]. However, different microgaps will be evident
when comparing different external hexagon implant systems [11]. Similar outcomes are
also expected when utilizing non-original abutment connections during the prosthesis
manufacturing [12], with an increase in the microgap and a reduction in the contacting
surfaces between the interfaces. Therefore, the external hexagon system ratio of torque
and preload is affected by the coefficient of friction, geometry, and contact surface at the
implant-abutment interface [10].

It is important to note that some advantages of external connection implants still
justify its use in some cases, such as the simpler prosthetic phase and increased versatility
in the case of multiple implants [13]. However, the incidence of occlusal load can promote
high stress magnitude in this type of connection.

To assess both stress and microgap formation, the finite element analysis can be applied
as a biomechanical tool to study the implant-supported restoration [7,14]. According to the
literature, there is a valid comparison between the in vitro measurements of the implant-
abutment microgaps and the in-silico simulations when considering similar boundary
conditions [14-16].

From a structural point of view, based in the stress level during loading, the implant
fracture can be summarized into two basic types: (1) the immediate fracture, resulting from
the application of local stresses that exceeded the yield (plastic flow) of the component’s
material, or (2) the time-dependent fracture mechanism that is responsible for the vast
majority of dental implant failure under fatigue [17]. With the aim to simulate the time-
dependent failures, the fatigue life experiments are widely performed as simulations
of the oral environment, considering the demanding cyclic loading incidence that the
implant-supported restorations are subjected to.

In addition to the stress parameters and gap-formation, the details of fatigue failure
of dental implants can be assessed through a computational simulation, as reported by
previous studies [14]. These simulations are gaining popularity, as the randomness of
the variables in fatigue testing of dental implants may affect the reliability of the in vitro
tests. Therefore, probabilistic fatigue studies, using numerical simulation, should be
considered [18], calculating the deterministic mechanical behavior with theoretical fatigue
analysis [19].

When testing dental implants, the ISO 14801 standardizes the evaluations that compare
the effect of different dental implant designs, materials, dimensions, implant-abutment
connection, machining processes, surface finishes, loading and tightening conditions [20].
Consequently, the purpose of this study was to evaluate the effect of abutment screw
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torque and implant-abutment contact surfaces on the formation of stress, microgaps and
simulated fatigue life of an external hexagon implant under oblique loading.

2. Materials and Methods

A previous reported tridimensional external hexagon model was selected [21]. The
3D file in Standard for the Exchange of Product Data (STEP) was imported and edited
into the computer aided design software (Rhinoceros version 5.0 SR8, McNeel North
America, Seattle, WA). The model was composed of the following structures: implant
fixture (dim), fixation base, prosthetic screw, simplified abutment crown and loading
piston. The dimensional parameters and geometries relation were based on the ISO 14801
for the loading test in endosseous dental implants [20]. To allow a similar number of faces
between the base and the implant, a Boolean difference was applied between them, to
allow a perfect fit contact region.

The final model specifications are summarized in Figure 1, according to the Interna-
tional Organization for Standardization (ISO) definitions. The definitions were applied to
simulate the worst-case scenario with the implant’s long axis at a 30° angle in the loading
direction in combination with a 20° abutment crown external angulation.

Loading device A 30°

Abutment\‘ |

Nominal bone level

Dental implant body\ Y/
\ /.,«"/

Specimen holder :

Hemispherical
loading member

E’ B

Figure 1. Schematic of test setup according to the ISO 14801 recommendations.

After the CAD processing, the geometries were established as volumetric solids
without inconsistent and duplicated faces. The final model was then exported to the
computer aided engineering (CAE) software (ANSYS 19.0, ANSYS Inc., Houston, TX, USA)
and a 10% mesh control convergence test was applied determining the total number of
nodes and tetrahedral elements (Figure 2). The mesh convergence was based in the linear
trend of Von mises stress values according to the different mesh densities.
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Figure 2. Numerical model used to the finite element analysis. (A) Geometries with the new
coordinate system, (B) meshing subdivision into finite number of elements, (C) boundary conditions

with the compressive load, bolt pre-tension and fixation support.
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The final number of nodes and elements were 196,716 and 94,896, respectively. The
element order was quadratic. The element type selected in the mesh division was the tetra-
hedral with 10 nodes (Tet-10). The mesh quality parameters were: element quality defined
as 0.69 £ 0.18, aspect ratio of 1.65 + 0.82, average maximum corner angle of 82.77° and
skewness average of 0.26 &£ 0.13. The inflation option was defined as a smooth transition
between each contact. The rigid body behavior was standardized as dimensionally reduced
controlled by the software’s automatic tool. These properties were based on previous
studies and are summarized in Table 1 [22,23].

Table 1. Mechanical properties! of the materials/structures used in the current study.

Material

Elastic Modulus (GPa) Poisson Ratio

Ultimate Tensile Yield Strength (MPa)

Fixation base

Strength (MPa)
3.6 0.3 -

Titanium

110 0.3 930 860

! Properties simulated in the present study.

Aiming to simulate a non-linear condition, the mechanical properties required in this
in silico analysis were the elastic modulus and Poisson ratio for all materials. In addition to
the titanium structures, the tensile ultimate strength, ultimate yield strength and S-N curve
were employed [24].

All simulated materials in the present study were assumed to be isotropic, homoge-
nous, linear and elastic. In the contact definition, the opposing surfaces between implant-
fixation base, load device-abutment, and screw-implant interfaces were considered per-
fectly bonded, without relative movements. The contact between the abutment and implant
was set as a frictional contact with the coefficient value of 0.4 [25].

The loading and boundary conditions were performed using the finite element analysis
software (Ansys). The compressive load was applied at 30 degrees from the implant axis,
with magnitude of 100 N [20]. The fatigue tool was applied, based in Goodman relation
theory [26-28], the fatigue simulation was performed considering the load repetition from
1 cycle per second (Figure 3). The constitutive law in this study followed the Robert Hooke
principle for linear elastic materials. The stress—strain relation was applied, assuming the
general behavior of isotropic structures.

Goodman theory is based on the Von Mises stress, used to predict yielding of materials
under any loading condition [28]. The equation is as follows:

)

Considering o, being the mean stress, 0, being the fatigue strength in terms of stress
amplitude when o, = 0 (stress amplitude), where ¢, is the ultimate tensile strength.

Based in the pre-processing parameters, four different conditions were simulated ac-
cording to the factor: contacting surfaces (Figure 4) in the abutment-implant interface (with
and without contact to the external hexagon axial walls) and screw torque (20 or 30 Ncm).
To simulate the screw tightening, a new coordinate system was created in the center of the
prosthetic screw neck, and the z-axis was defined as the screw long axis [29].
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Figure 3. Input data from the fatigue tool based in the von-Mises stress values. (A) S-N curve of Ti-6Al-4V alloy, (B) constant
amplitude load applied and (C) mean stress graph theory based in Goodman diagram.

A bolt pre-tension was then applied with values of 20 or 30 Ncm. The von-Mises stress
in the implant and in the screw, the fatigue life, the safety factor and the gap size at the
implant-abutment interface, were analyzed and compared among the different preloads

and contacting surface simulations.
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Figure 4. Implant-abutment interfaces simulated in the present study. (A) Minimum contact surfaces with the implant
platform only, (B) contact surfaces with external hexagon axial walls touching the abutment.

3. Results

Figure 5 displays the model convergence check using total deformation as analysis
criterion. Figure 6 displays the von-Mises stress in the implant and prosthetic screw
according to the different models. Observing the stress distribution, there is a similar stress
pattern between the models for the mechanical response in the exposed threads; however,
the models with a higher number of contacting surfaces in the implant-abutment interface
presented the highest region of stress concentration at the external hexagon.

0 15.000 30.000 (mm)
I |

7.500 22.500

Figure 5. Convergence results verification. (A) Total deformation after the loading condition, (B,C) microgap formation

using the nonlinear contact between implant-abutment.
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Figure 6. Stress maps in the implant fixture (A-D) and screw (E-H). (A,E) Minimum contact interface with 20 N-cm,
(B,F) minimum contact interface with 30 N-cm, (C,G) maximum contact interface with 20 N-cm, (D,H) Maximum contact

interface with 30 N-cm.

For the prosthetic screw, the higher preload induced higher stress magnitude in the
abutment screw, which was approximately 12% higher for the 30 Ncm, in comparison with
the 20 Ncm for the models with minimum contacting surfaces. For the models with a more
precise fit, the difference was also present; however, in a smaller proportion (1.4%). In
the simulated conditions, the stress maps indicated that the stress was concentrated at the
screw neck, near to the first screw thread, regardless of the evaluated model. The stress
peaks for implant and screw are summarized in the Table 2.

Table 2. Tensile stress peaks 1 recorded for implant and screw according to the contacting surfaces

and torque.
Stress (MPa)
Torque of Screw Contacting Surfaces
Implant Screw

Axials and
20 Nem surrounding 279 283
Surrounding only 256 374

Axials and
30 Nem surrounding 268 287
Surrounding only 253 419

! Information according to the numerical simulation calculation.

In Figure 7, the fatigue tool was applied to display the safety factor region indicating
the areas most prone to failure. The Safety Factor tool is calculated when a single load
exceeds the determined failure property, which in this study, was defined as the tensile
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Yield strength when the implant withstands permanent deformation within its elastic limit.
The Safety Factor equals the Tensile Yield strength /Max. Equivalent Stress. It is possible
to observe that regardless of the model, the prone to failure region corresponds to the
highest stress concentration area, as expected. Observing the absolute values in Table 3,
the implant models are very similar, considering the same implant-abutment interface. For
the screw, the torque as well as the number of contacting surfaces in the implant-abutment
interface were able to affect the factor of safety.

4 12 96 75 53 32 1

15 13 11 85 64 42 21 07

4 12 96 75 53 32 1
15 13 11 85 64 42 21

07
A

Figure 7. Safety factor maps. (A-D) and screw (E-H). (A, E) Minimum contact interface with 20 N-cm, (B,F) Minimum
contact interface with 30 N-cm, (C,G) Maximum contact interface with 20 N-cm, (D,H) Maximum contact interface with

30 N-cm.

Table 3. Safety factor ratio ! calculated for implant and screw according to the contacting surfaces

and torque.
Safety Factor
Torque of Screw Contacting Surfaces
Implant Screw

Axials and
20 Nem surrounding 1.60 151
Surrounding only 1.49 0.76

Axials and
30 Nem surrounding 1.61 144
Surrounding only 1.50 0.72

! Information according to numerical simulation

In order to explain the fatigue life, the fatigue tool was used to demonstrate the
calculated cycles to fail under loading repetition (Figure 8). With this present investigation,
there was no calculated failure for the implant fixture regardless of the model. However, a
visible difference was observed for the screw, indicating that the first thread would be the
failure origin region when a minimum number of faces are present in the implant-abutment
interface. The torque also affected the fatigue life, as the higher the applied torque caused
the lower the number of cycles to start the failure. When a better fit interface is present,
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involving the external hexagon axial walls, there was no failure for the screw with 100 N of
loading, regardless the torque value (Table 4).
!

4.2231e9 7.5317e8 134328 2.3956e7 4.2724e6 7.6197¢5 1.358%5
Te~10 1.7835¢9 3.1807e8 5.6726e7 10117e7 1.8043e6 321795 57389

B) O

o 2
— —

Figure 8. Fatigue life maps. (A) Minimum contact interface with 20 Nem, (B) minimum contact interface with 30 Nem,
(C) maximum contact interface with 20 Ncm, and (D) maximum contact interface with 30 Ncm.

Table 4. Predicted cycles ! to failure for implant and screw according to the contacting surfaces

and torque.
Life (Cycles)
Torque of Screw Contacting Surfaces
Implant Screw
Axals and 1% 1010 1% 1010
20 Nem surrounding
Surrounding only 1 x 1010 63,567
Axials and 1 x 1010 1 x 1010
30 Nem surrounding
Surrounding only 1 x 1010 57,389

! Information according to the numerical simulation

Another tool applied in the present post-processing was the CAE contact tool. Similar
to previous reports, the contact gap was calculated based in the distance between opposing
nodes from a determined contact region (Figure 9). The contact region selected was the
implant-abutment interface simulated with the frictional non-linear contact that allowed
the nodes separation (Table 5).

Table 5. Maximum microgap (mm) value 1 recorded for implant and screw according to the contacting
surfaces and torque.

Microgap (mm)

Torque of Screw Contacting Surfaces
Interface Implant-Abutment

Axials and surrounding 0.000861

20 Ncm .
Surrounding only 0.001817
Axials and surrounding 0.000820

30 Nem -
Surrounding only 0.001751

! Information according to the numerical simulation.
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Figure 9. Microgap size within the implant-abutment interface under 100 N oblique load. (A) Minimum contact interface

with 20 Ncm, (B) minimum contact interface with 30 Ncm, (C) maximum contact interface with 20 Nem, and (D) maximum

contact interface with 30 Ncm.

Under the applied loading condition, both factors (contact surfaces and torque) af-
fected the maximum gap value. With higher torque values, a lower gap was noticed and
when more contacting surfaces were present in the implant-abutment interface, the gap
was even lower.

4. Discussion

This study evaluated the effect of abutment screw torque and implant-abutment
contacting surfaces relation on the formation of stress, microgaps and simulated fatigue life
of an external hexagon implant under oblique loading. The use of a non-linear theoretical
analysis assisted to explain the in vitro measured fatigue life and the correlation between
torque and microgap formation [4,14,24,25,30].

As reported in the literature, the use of an external hexagon implant may be considered
as a failure-prone prosthetic solution, due to the higher vertical misfit, stress concentration,
microgap formation and increased torque loss during long-term usage [2,4,7,15,31]. Several
studies have used the finite element analysis (FEA) as a method to access the biomechanical
response of a unitary implant-supported restoration [4,7,15,18,19,21,25,31-34]. Despite the
limitations of this investigation, the FEA may provide important information regarding
simulated clinical performance, which could be of value to both clinicians and patients [9].

The stress concentration in the implant-supported restoration is directly related to
design and the restorative materials. It is well known that high stress magnitude may
induce restoration damage and even failure [13,33]. In this study, the proposed simulation
compliance provided results in terms of stress, microgap formation, lifetime prediction
and safety factor, as previously performed by other studies that have evaluated dental
implants. This investigation was a simulation that was performed following the ISO 14801
for dental implants mechanical testing [16,20]. Previous studies have demonstrated effects
in the strain generated in the peri-implant region [31-33]; however, this condition was not
considered in this investigation since the model was an in vitro test representation.

Although it may seem obvious that a higher screw tightening provides a higher
abutment retention, the data seems to suggest that it is not ideal, as the residual stress
from the pre-load decreases the fatigue life of the system [4]. The data seems to suggest
that when the implant-abutment interface is not precise, increased tightening of the screw
is required to reduce the microgaps, which may shorten the fatigue life, and ultimately
impact the long-term success of the prosthesis.

When comparing the mechanical responses of the models, it was possible to observe
that the external hexagon platform showed a higher stress concentration, when the axial
walls were in contact with the abutment. This validates, as reported in previous studies,
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that this region has the areas of plastic deformation when an excessive load was applied in
this implant system [10,35]. Therefore, more contact between the implant and the abutment,
with a higher number of surfaces contacting each other, will increase the stress in this region.
However, when the stress magnitude increases in some areas, it usually decreases in other
areas. In this investigation, the screw displayed a lower stress magnitude in these models,
which could be considered a positive behavior, since the fracture or loosening of the
screw has been reported as one of the most common mechanical failures in this prosthetic
system [2,3,10,17,36]. For this reason, the use of original abutments is recommended, as it
will probably result in a more accurate connection fit with the implant [12].

The preload is the tension generated in the screw and the complementary clamping
force between the head of the screw and the abutment [14]. It is maintained by friction
between the abutment-screw thread and the internal thread of the implant [4]. Excessive
preloads increase the screw stresses that can promote plastic deformation and consequently
influence long-term success.

A previous study [15] illustrated that the maximum stress of the abutment screw
occurred at its neck on the distal surface and suggested that the higher stresses created
by excessive preloads can accelerate the fatigue failure. This investigation supports this
suggestion, corroborating with similar screw stress regions and indicating that the fatigue
life will be reduced, with the failure originating in the region of higher stress.

The implant-abutment microgaps may allow the flow of the oral fluids to the inner
part of the implant [6,11]. Therefore, a larger gap provides more of an opportunity of oral
fluids to promote an unwanted peri-implant response, resulting in bone resorption and
potential loss of osseointegration. This investigation suggests that a better fit between the
implant and abutment should be preferred, minimizing the microgap formation during
loading regardless the applied torque.

The literature reports that there is no clear correlation between the size of the interfacial
microgap and the clinical performance of the implant [4]. This investigation suggests that
the use of a more intimate contacting interface would be beneficial, improving the lifespan
of the prosthesis and a reduction in the failure probability of the screw.

A previous finite element study [16] that evaluated the fatigue of dental implants,
reported that for small assembly forces (lower effective bending moment) the microgap
decreased with to a tighter fit, whereas the microgap is further opened when the assembly
force surpasses a critical value (approximately 100 N for 30°). This investigation supports
that a higher screw torque promoted a lower microgap formation; however, the microgap
would still be present due to the loading.

The S-N curve (stress-number of cycles) or Wohler curve is the graphic representation
of the number of cycles that a specimen can endure before fracture, when it is subjected to
a different range of cyclic loads [30]. An advantage of the theoretical model is that it allows
the S-N field to be applied as the representation of an accelerated life testing, enabling a
simulated projection of mechanical response long-term [30]. The fatigue prediction using
the titanium alloy S-N curve presents a reliable approach, in terms of survival calculation.
Titanium-based alloys are characterized by extremely low content of pores [24], which
could act as defects in the initiation of a crack and possible failure.

The present study followed the ISO 14801 for implant fatigue testing with the assumed
fixation cylinder to simulate peri-implant tissue resorption of 3 mm [20]. Unfortunately,
this simplifies the clinical scenario in which the implant is placed in bone with variable
quality [16]. Hence, there is no result that can be extracted to calculate the influence of
the stress development on the surrounding bone [16,21]. The crown-implant ratio was
modified, which could affect the results of this investigation by an over-simplification, by
increasing the fulcrum for implant/abutment bending [36]. For each connection design,
the interface was considered ideal without irregular misfit between the implant and the
abutment. The torque loss by time was also not considered, simulating a condition that
the pre-load remains equal from the start of the fatigue until screw failure. Further in vitro
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investigations are required to provide additional data and validate the limitations of a
computational mathematical study [37-39].

5. Conclusions

Based on this limited investigation, the higher the screw torque, the lower is the
microgaps formation at the implant-abutment interface. However, the calculated residual
stress is proportional to the applied torque, reducing the fatigue life in the screw. This
effect can be attenuated using a prosthetic system with more contacting surfaces at the
implant-abutment interface.
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