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A B S T R A C T

Purpose: The aim of this study was to evaluate fatigue resistance of dental fixtures with two different fixture-
abutment connections by in vitro fatigue testing and in silico three-dimensional finite element analysis (3D
FEA) using original computer-aided design (CAD) models.
Methods: Dental implant fixtures with external connection (EX) or internal connection (IN) abutments
were fabricated from original CAD models using grade IV titanium and step-stress accelerated life testing
was performed. Fatigue cycles and loads were assessed by Weibull analysis, and fatigue cracking was
observed by micro-computed tomography and a stereomicroscope with high dynamic range software.
Using the same CAD models, displacement vectors of implant components were also analyzed by 3D FEA.
Angles of the fractured line occurring at fixture platforms in vitro and of displacement vectors
corresponding to the fractured line in silico were compared by two-way ANOVA.
Results: Fatigue testing showed significantly greater reliability for IN than EX (p < 0.001). Fatigue crack
initiation was primarily observed at implant fixture platforms. FEA demonstrated that crack lines of both
implant systems in vitro were observed in the same direction as displacement vectors of the implant
fixtures in silico.
Conclusions: In silico displacement vectors in the implant fixture are insightful for geometric development
of dental implants to reduce complex interactions leading to fatigue failure.

© 2017 Japan Prosthodontic Society. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Marginal bone loss of dental implants occurs regardless of
preventive measures [1] and despite the high success rates of
dental implant therapy [2–5]. Marginal bone loss may be caused
by surgical trauma [6], excessive occlusal loading [7], microbial
contamination of the implant fixture-abutment microgap [8],
fixture-abutment micromovement [9], and repeated screwing
and unscrewing [10]. While a substantial amount of research has
focused on these topics over the past three decades, a
* Corresponding author. Fax: +81 6 6879 2919.
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breakthrough engineering design that reduces these complex
interactions leading to failure has yet to be elucidated.

To investigate the influence of mechanical stress/strain on the
marginal bone of dental implants, the design of implant
components has been explored. Internal joint types have been
established as fixture-abutment joint types with greater fatigue
resistance [11–13] and stability [14] and lower degrees of microgap
[15] and bone loss [16,17] relative to conventional external joint
types.

While positive results relative to external hexagon platforms
have been reported, internal connection designs may present
substantial design parameter variations that include the shape of
the abutment, presence or absence of platform switching, and the
shape of the implant fixture neck. Consequently, a clear reason for
the mechanical stress/strain concentration of the marginal bone
served.
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Fig. 1. Original CAD models and fabricated specimens. (a) CAD models of implant components (implant fixture, abutment, and abutment screw) and assembly with EX. (b)
CAD models of implant components (implant fixture, abutment, and abutment screw) and assembly with IN. (c) Assembled model for 3D FEA. (d) Fabricated implant
components from CAD models with EX and assembly. (e) Fabricated implant components from CAD models with IN and assembly. (f) Specimen for SSALTs.
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has not been clarified, warranting optimization of multifactorial
designs of implant components [18].

In vitro fatigue tests are one of the evaluation methods used to
investigate the clinical reliability of dental implants. However, in
vitro fatigue tests may fail to pinpoint the crack initiation site, even
with the use of imaging techniques such as micro-computed
tomography (micro-CT) or fractographic analysis. Therefore, step-
stress accelerated life tests (SSALTs), which mimic mouth motion
sliding contact, have been used to investigate the reliability of
dental implants [19].

With this in perspective, in silico finite element analysis (FEA)
is a useful approach to make comparisons focused on mono-
factorial design [20] as it allows visualization and quantification
of mechanical stress/strain distribution of the marginal bone of
dental implant fixtures and implant components. Our previous
work suggested that internal joint types are biomechanically
more suitable than external joint types by using original
computer-aided design (CAD) models [21]. Such results have
been further supported by a number of in silico FEA studies using
commercial dental implants containing mixed independent
variables [12,22–24].

In this study, fatigue resistance of dental implants with two
different implant/abutment joint types, the internal joint type
and the external joint type, were evaluated by in vitro SSALT and in
silico FEA employing our original CAD models. In addition, fatigue
crack lines of the implant fixture in vitro and corresponding in
silico displacement vectors were investigated.

2. Material and methods

2.1. Sample preparation

Dental implants with an external joint (EX) or an internal
joint (IN) were machined from original CAD models (Fig. 1a–c)
using ASTM grade IV titanium (GC Corp. Tokyo, Japan). The
diameter and length (from the platform to the tip) of the implant
fixture measured 5 �13 mm, and the pitch of the threads
measured 0.9 mm. The shape of the threads and abutment
screw were the same in both implant types. The diameter and
length of the abutment screw that connectedthe implant and
abutment measured 1.5 �11 mm (Fig. 1d and e). The implants
were vertically embedded in resins with 3 mm clearance from the
platform to the resin. Abutments were tightened to 20 N cm by
a torque gauge (BTG50CN, Tohnichi Mfg. Co. Ltd., Tokyo, Japan).
Resins mimicked mechanical properties of cortical and cancellous
bones (polyphenylene sulfide: 35 � 2 � 27 mm and polypropylene:
35 � 25 � 27 mm, Ensinger Japan, Tokyo, Japan, respectively)
(Fig. 1f).



Fig. 2. SSALT profiles show the cycle-to-load assignment for specimens fatigued in the
mild, moderate, or aggressive profile.

Table 1
Mechanical properties for 3D FEA.

Component Young's modulus (MPa) Poisson's ratio

Cortical bone 14,000 0.30
Cancellous bone 1,470 0.30
Grade IV titanium 116,000 0.34

Mechanical properties were defined as previously described [21].
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2.2. SSALT

SSALTs [19] were performed according to three fatigue profiles
(mild: n = 3, moderate: n = 2, and aggressive: n = 1) (Fig. 2) using a
servo-all-electric system (TestResources 800L, TestResources Inc.,
Shakopee, MN, USA) (Fig. 3a and b) at 2 Hz. For both implant
groups, Weibull curves and reliabilities for completion of a mission
at 1,000 N were obtained and mean loads to failure, scale
parameter h, and shape parameter m were calculated. In addition,
fatigue cracks were observed with a stereomicroscope (SMZ-745T,
Nikon, Tokyo, Japan) using high dynamic range software (NIS-
Elements Ver.4.0, Nikon, Tokyo, Japan). All specimens were
analyzed by micro-CT (R_mCT2, Rigaku Corp., Tokyo, Japan) using
a 59 mm image pixel size and classified according to fracture mode:
intact abutment (Ia), fractured joint (Fj), fractured thread (Ft),
fractured platform (Fp), fractured abutment screw (Fs), and bent
abutment screw (Bs). The angles of crack lines occurring at Fp were
measured by ImageJ software (public domain).

2.3. FEA

Using the same CAD models used for machining the SSALT fixtures
and abutments, displacement vectors of implant components related
to dislocation of a metallic crystal inducing fatigue crack initiation
were analyzed by three-dimensional (3D) FEA (Solidworks2011,
Dassault Systèmes Solidworks Corp, Waltham, MA, USA). Table 1
shows mechanical properties of each component used for 3D FEA.
CAD models were standardized to make clear comparisons for only
fixture-abutment joint types and excluded other multifactorial
designs, such as diameter and length of the implant fixture. The
implant fixture and abutment were connected by an abutment screw.
The bottom and marginal surface of bone models were fixed and 20 N
was loaded at the abutment at a 30-degree oblique angle to the long
axis of the fixture (Fig. 3c). The angles between the implant fixture
platforms and directions of the displacement vectors were measured
corresponding to the Fp site using ImageJ software.

2.4. Statistical analysis

The angles obtained from in vitro SSALT and in silico 3D FEA were
compared using two-way ANOVA (PASW Statistic 18, IBM, Somers,
NY, USA). p values < 0.001 were considered statistically significant.

3. Results

Table 2 shows fracture modes of all specimens. Fractures were
mainly observed at the top surface of the fixture platform (Fig. 4a
and b) except for two specimens in IN and one specimen in EX.
Fractures of two specimens in IN were observed at the second
thread of the implant fixture (Fig. 4c); fractures in the specimen in
EX and the other two specimens in IN were observed at the joint
(Fig. 4d and e). In addition, abutment screws of three specimens in
IN were fractured (Fig. 4e), while there was no fracture at the
abutment or the abutment screw in EX.

Weibull curves obtained from SSALT are presented in Fig. 5. The
shape parameter m (two-sided at 90% confidence bounds) for EX
and IN were 9.9 (4.1–14.2) and 7.8 (3.2–11.2), respectively; and the
scale parameter h (two-sided at 90% confidence bounds) for EX and
IN were 1212.9 (1103.2–1342.8) and 1431.7 (1268.8–1629.7) N,
respectively. Greater reliability at 1,000 N, 1,200 N, and 1,400 N
were recorded for IN (94.0%, 77.6%, and 43.2%) than EX (86.3%,
40.7%, and 1.6%).

Fatigue crack initiation was observed at the fractured platform
of the implant fixture, and angles of crack lines of EX (in vitro:
137.6 � 4.5�) (Fig. 6a) were significantly greater than that of IN (in
vitro: 114.8 � 4.3�) (p < 0.001) (Fig. 6b).

Fig. 7 shows the distribution of displacement vectors calculated
by 3D FEA for EX and IN. The angles between the direction of the
displacement vectors and the platform of the implant fixture for EX
(in silico: 131.5 � 6.0�) (Fig. 7a), which corresponds to the location
of the crack line in vitro, were significantly greater than that of IN
(in silico: 117.1 �1.8�) (p < 0.001) (Fig. 7b). In addition, the angles
obtained from in vitro SSALT and in silico 3D FEA were not
significantly different (p = 0.324), while those obtained in EX and
IN showed a significant difference (p < 0.001) (Fig. 8).

4. Discussion

Previous studies of in vitro fatigue tests with commercially
available implants suggested that implant fixtures with IN have
greater fatigue resistance [11,12] and stability [14] and lower
degrees of microgap [15] and bone loss [16] compared with those
with EX. Conversely, some studies reported findings favoring
fixtures with EX [25–27]. The discrepancy in results likely resulted
from the multifactorial design of the implants evaluated, such as
diameter and length of the implant fixture, fixture-abutment
joints, and neck design of the fixtures. Therefore, the present study
focused on the independent variable design and clarified that
fixture-abutments with IN had greater fatigue resistance than
those with EX in vivo.

Fractured platforms were observed in most specimens and
there were no related studies detected in crack angles between
fixtures with EX and those with IN. For fixtures with EX, a crack line
was observed near the bottom edge of the hexagon structure, while
that of fixtures with IN was observed near the buccal side of the
screw hole in the fixture body. The edge and the screw hole,
working as a small notch or a fixture defect, likely resulted in stress
concentration associated with fatigue crack initiation [28].

Fractured joints were observed at the fixture of EX in one
specimen and abutments of IN in two specimens, although most
fractures occurred on the platform of the implant fixture in both
implants with EX and IN. For EX, the boundary between the
hexagonal structure and the platform has a mechanically weak
configuration creating edge tensile forces. For IN, this boundary lies



Fig. 4. Micro-CT images and fracture modes after in vitro SSALTs. Yellow arrows indicate fatigue fracture sites and scale bars indicate 10 mm. (a) Fractured platform (Fp). (b) Fp
and fractured thread (Ft). (c) Ft. (d) Fractured joint (Fj). (e) Fj and fractured abutment screw (Fs).

Table 2
Fracture modes of specimens after SSALTs.

Specimen No. 1 2 3 4 5 6

External Abutment Ia Ia Ia Ia Ia Ia
Fixture Fp Fj Fp Fp Fp Fp
Abutment screw Bs Bs Bs Bs Bs Bs

Internal Abutment Fj Ia Ia Ia Fj Ia
Fixture Fp Ft Ft, Fp Ft Fp Fp
Abutment screw Fs Bs Bs Bs Fs Fs

Ia: intact abutment, Fj: fractured joint, Ft: fractured thread, Fp: fractured platform, Fs: fractured abutment screw, and Bs: bent abutment screw.

Fig. 3. Experimental setup of in vitro SSALTs and in silico 3D FEA. (a) Assembled implant embedded in a bone model.
(b) Specimen for in vitro SSALT set on a servo-all-electric system. (c) Boundary conditions for in silico 3D FEA.
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between the inner cylindrical part of the fixture and the bottom of
the abutment.

A fractured abutment screw alone was observed in one
specimen with EX, while a fractured joint was observed in
addition to a fractured abutment screw in two specimens with IN.
These observations suggest that fracturing of the abutment screw
occurred before joint failure [13,29] because of its smaller
diameter among the implant components, and this stress
concentration was confirmed by in silico FEA [12]. Fractured
threads with IN were observed associated with bent abutment
screws. In clinical cases, complete removal of fractured implant
fixture has been recommended as the best treatment option [30]
though there are several clinical challenges [31]. These results
suggest that fracture of abutment screws could prevent the



Fig. 5. Weibull curves from SSALTs using implants with external and internal joint types.

Fig. 6. Stereomicroscopic images processed by high dynamic range software. (a) Crack line at the platform with fractured joint of the external joint type. (b) Crack line at the
platform with fractured abutment screw of the internal joint type.

Fig. 7. Distribution of displacement vectors of the implant fixture obtained using in silico 3D FEA. (a) External joint type.
(b) Internal joint type.

28 S. Yamaguchi et al. / journal of prosthodontic research 62 (2018) 24–30
fractured thread, namely fracture of the implant fixture, in IN.
Removal techniques of the fractured abutment screw have been
reported in recent years [32–34].

In the Weibull analysis, the lower shape parameter m of
implants with IN compared with implants with EX indicated
greater variability in the strength which could be associated with
various fracture modes (Table 2). In addition, the higher scale
parameter h for IN indicated that the load in 63.2% of specimens
that failed was higher than that of EX. Greater reliability for IN is
consistent with results for commercial dental implants reported in
other studies [11–13], even with mixed independent variables
among studies.

The crack lines in implants with EX and IN observed in vitro
were found to be along the direction of displacement vectors of the



Fig. 8. Fractured angles in vitro and angles of displacement vectors of the platform
surface in silico measured by ImageJ software. Values with different letter (a, b)
designations are significantly different by two-way ANOVA (p < 0.001).
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implant fixture by in silico 3D FEA. Our in silico findings suggest that
displacement vectors have the potential to predict the direction of
crack initiations in implants and may be helpful in device
development for preventing fatigue crack propagation and implant
failure in clinical cases [35]. Higher crack angles for IN than EX in
vitro and in silico are consistent with the occurrence of vertical
fractures along with marginal bone loss around fixtures with IN in
clinical settings [35]. In addition, our results clarified that the
design of the fixture-abutment joint type influenced the direction
of vertical fracture. It is possible that one of the reasons for internal
fixture vertical fracture [36] is shown by the direction of
displacement vectors that occurred on the platform of the fixture.

Within the limitations of this study (few specimens and no
prosthesis for either the in vitro fatigue testing or in silico 3D FEA),
our results suggested that evaluation of the displacement in silico
with static loading may predict the direction of crack initiation
induced during in vitro SSALTs, which mimics long-term mouth
motion in the oral cavity.

5. Conclusion

Our study demonstrated that in silico displacement vectors in
the implant fixture would be helpful for development of new
dental implant designs to map and reduce complex interactions
leading to improved fatigue results in vitro.
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