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Summery

Background: The aim of this study was to determine the effects of various designs
of internal tapered abutment joints on the stress induced in peri-implant crestal bone
by using the three-dimensional finite element method and statistical analysis.
Methods: Thirty-six models with various internal tapered abutment—implant interface
designs including different abutment diameters (3.0 mm, 3.5 mm, and 4.0 mm),
connection depths (4 mm, 6 mm, and 8 mm), and tapers (2°, 4°, 6°, and 8°) were
constructed. Force of 170 N was applied to the top surface of the abutment either
vertically or 45° obliquely. The maximum von Mises bone stress values in the crestal
bone surrounding the implant were analyzed statistically using ANOVA. In addition,
patterns of bone stress around the implant were examined. Results: The results
demonstrated that a smaller abutment diameter and a longer abutment connection
significantly reduced the bone stresses (p < 0.0001) in both vertical and oblique
loading conditions. Moreover, more parallel the tapered abutment—implant interfaced
connection is the less bone stresses under vertical loading (p = 0.0002), whereas the
abutment taper did not show significant effects on bone stresses under oblique loading
(p = 0.83). The bone stresses were influenced mainly by the abutment diameter,
followed by the abutment connection depth and then the abutment taper. Conclusion:
It was suggested that for internal tapered abutment design a narrower and deeper
abutment—implant interface produces the biomechanical advantage of reducing the

stress concentration in the crestal region around an implant.
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Introduction

Overloading may induce microdamage to the bone and result in bone resorption'.
The implant design influences the induced bone stress, with there usually being a high
stress/strain around the implant that contributes to crestal bone loss and ultimately the
failure of osseointegration™. A tapered abutment (or Morse-taper connection) is one
type of abutment—implant interface design that is becoming popular in clinics due to
its high fatigue strength® > and joint stability®’. Previous studies have demonstrated
that the use of tapered abutment designs improves load transfer, and can thereby
reduce the peak bone stresses around implants™’. Some researchers indicated that a
tapered interference-fit connection provided superior force transmission'’. However,
certain factors may affect the mechanical performance of a tapered abutment—implant
interface. A tapered connection also constitutes a type of platform-switching design,
which means that connecting a reduced-diameter abutment to an implant can result in
a circumferential horizontal mismatch around the implant shoulder. Some researchers
have indicated that platform-switching configuration of tapered abutment-implant
connection design reduced the bone loss around implants''. In addition, numerical
analyses showed that a reduced abutment diameter lowered the stresses in
peri-implant bone'? due to a shift in the area of stress concentration inwards, thereby
ensuring that the high-stress area around the top surface of an implant was distant
from the bone—implant interface'’, which reduced the stresses translating to the
peri-implant bone.

In addition to the abutment diameter affecting the mechanical performance of a
tapered abutment—implant interface, Hansson'* found that using a conical
abutment—implant interface with a deeper connection within the implant (relative to

the flat-top abutment—implant interface) can resist larger axial loads. Some



researchers'> reported that the increased contact area at the abutment—implant
interface when using a tapered abutment, such as connections in internal-hex systems,
resulted in improved force distribution down to the fixture tip and reduced the stress
concentration in the crestal region relative to external-hex systems. In addition,
tapering the implant neck induced a favorable stress distribution in the bone'®. This
prompted us to investigate how the bone stresses are affected by the taper angle
between the tapered abutment and implant, and also the connection depth, since these
parameters may exert important effects on stress/strain translation.

Currently there is incomplete information on the biomechanical behavior at the
tapered abutment—implant interface. The aim of this study was to determine how
various designs of the tapered abutment—implant interface (i.e., abutment diameter,
connection depth, and degree of taper) affect the stress distribution in peri-implant

bone by using the finite element (FE) method and statistical analysis.

Material and methods

Three-dimensional FE modeling

Computer-aided-design software’ was used to construct a model of a screw-shaped
root-form implant with a taper of 2°, length of 14 mm, and diameter of 5 mm.
Implants with various abutment connection designs — comprising abutment diameters
(W) from 3 to 4 mm, abutment connection depths (D) from 4 to 8 mm, and abutment
tapers (T) from 2° to 8° — were created as indicated in Table 1 and Fig. 1 (e.g., the
model designated as W3 D8 T2 had an abutment diameter of 3 mm, an abutment
connection depth of 8 mm, and an abutment taper of 2°). A model of the bone block
was constructed based on a cross-sectional image of the human mandible in the molar

region. All models were combined by Boolean operations (Fig. 2a), and the IGES



format of the solid model was then exported to FE software* to generate the FE model
(Fig. 2b) using 10-node tetrahedral h-elements (ANSYS solid 187). The interfacial
condition between the implant and bone was set as bonded. The contact condition
between the abutment and implant was set as a frictional coefficient (1) of 0.3".
Thirty-six abutment—implant models were analyzed. The material properties are listed
in Table 2'% . The material properties of implants and abutments were titanium with
homogeneous and isotropic elastic properties. The bone block was considered to be
anisotropic (i.e., properties differing with the direction). The mesial and distal
surfaces of the bone block were constrained as the boundary condition. Two loading
conditions were applied on the top surface of the abutment. Force of 170 N** was
applied to the top surface of the abutment either vertically or 45° obliquely to the long
axis of the implant. Based on the results of convergence testing shown in the Fig. 3,
an element size of 0.5 mm was used in all the models.

Statistical analysis

ANOVAs were performed to analyze the influence of abutment diameter,
connection depth, and taper on the maximum von Mises stress around the implant
under vertical loading (VL) and oblique loading (OL). Probability values of P <
0.0001 were considered statistically significant by using commercial statistical

software® for statistical analyses.

T (SolidWorks 2008, SolidWorks Corp., Concord, MA, USA)
j[(ANSYS Workbench 10.0, Swanson Analysis, Huston, PA, USA)
Y(SAS® 9.1, SAS Institute, Cary, NC, USA)

Results

The maximum von Mises bone stress around the implant and the results of



statistical analyses for the various abutment diameters, connection depths, and tapers
are listed in Tables 3, 4, and 5.

Abutment diameter

The data in Tables 3 and 4 were grouped to different abutment diameters of 3.0, 3.5,
and 4.0 mm. The data showed that models with a smaller diameter of abutment
induced a significantly smaller bone stresses in both VL and OL conditions (P <
0.0001).

Abutment connection depth

The data in Tables 3 and 4 were grouped based on abutment connection depths of 4,
6, and 8 mm. Models with a longer connection depth generated significantly lower
stresses around the implant shoulder both in VL and OL conditions (P < 0.0001).

Abutment taper

The data in Tables 3 and 4 were also grouped based on abutment tapers of 2°, 4°, 6°,

and 8°. No significant relationship were found between bone stress and degree of

taper in the VL condition (P = 0.0002) and OL condition (P = 0.83).

Discussion

Decreasing the bone stress around an implant remains an important goal for dental
implant design. Many modifications to the design of a fixture have been suggested for
reducing the bone stress. Nowadays, changing the designs of connection between the
abutment and implant may also been suggested to decrease the bone stress. In this
study, the FE method and statistical analyses were used to investigate the bone
stresses for various designs of tapered abutment (i.e., abutment diameter, connection
depth, and taper), and the relationships among these design factors.

Reducing the abutment diameter could decrease the bone stress significantly under



both VL and OL, which might be due to the increased wall thickness of the fixture
body. The stress distributions of models W3 D4 T2 and W4 D4 T2 under VL are
shown in Fig. 4 as examples for comparison. For implants with the same diameter, the
small-diameter abutment (W3 D4 T2) provides a thicker fixture wall for transmitting
stresses than the wide-diameter abutment (W4 D4 T2). The higher thickness of
fixture wall (W3 D4 T2) seems to provide the benefit to reduce the stress in the
implant (Fig. 4a & c), leading to lower stresses in the bone (Fig. 4b & d). This is also
why the platform-switched implants with tapered abutment design exhibit a superior
stress-transmission characteristic than implants with matching abutment—implant
diameters. However, some researchers”” ** have reported that platform-switching
designs with different horizontal mismatches produced almost identical stress
distributions in the peri-implant bone, which is not in accordance with our
observations. The difference between previous results and those of the present study
might be related to the abutment designs (external-hex vs internally tapered), implant
shapes (cylinder vs thread), and interface conditions (bonded vs frictional). However,
the results of the present study did not indicate that it is advantageous to dramatically
reduce the abutment diameter, since this may result in a higher stress concentration in
the abutment and thus increase the risk of abutment fracture.

There was a statistically significant relation between the abutment diameter and the
bone stress around the implant (P < 0.0001), with F values indicating differences in
the two population variances (a higher F value indicates that the difference between
two populations is more significant). The obtained F values indicated that the
abutment diameter affected the stress in the surrounding bone more significantly in
the VL condition than in the OL condition (F = 212.43 vs 29.56; see Table 5). The use

of reduced-diameter abutments reduced the bone stress more for a vertically applied



force than for an oblique force.

Lengthening the abutment connection depth significantly decreased the bone stress
under both VL and OL (P < 0.0001 for both), which might be due to the increased
contact area between the abutment and implant. The stress distribution in models
W4 D8 T2 and W4 D4 T2 under VL are shown in Fig. 5 for comparison. The
cross-sectional views of the stress distributions in the fixtures (Fig. 5a & c) reveal that
a longer abutment connection depth (W4 D8 T2 vs W4 D4 T2) provided a larger
contact interface to transmit stresses. According to the definition of stress (¢ = F/A;
where o, F, and A represent the stress, force, and area, respectively), a larger contact
area will help to reduce the stress in the implant and hence also in the bone as shown
in model W4 D8 T2 (Fig. 5b & d). The F values indicated that the abutment
connection depth affected the stress in the surrounding bone stress more significantly
in the OL condition than in the VL condition (F =27.66 vs 16.22; see Table 5). This
indicated that the stress-reduction effect by increasing the abutment connection depth
was more pronounced for an oblique force than for a vertical force.

The F values were higher for the abutment diameter than for the abutment
connection depth, indicating that the former had a greater influence on the induced
stresses (F =212.43 vs 16.22 for VL, and 29.56 vs 27.66 for OL). Therefore, the
abutment diameter has been recommended as the major factor for reducing bone
stress. However, increasing the connection depth between the abutment—implant joint
could be another method for further reducing the bone stress. For the results of the
comparison of the abutment taper, the relation between the abutment taper and the
bone stress was not statistically significant under VL (P = 0.0002) and OL (P = 0.83)
conditions. Even though taper-shaped implant has been suggested to reduced the

surrounding bone stress™, the taper angle of a tapered implant—abutment interface



might have a negligible effect on the bone stress as compared to the abutment
diameter and connection depth, as indicated by the respective P values.

The limitations of this study were the simplified implant geometry, material
properties of bone, and loading condition. The impact of the abutment—implant
interface on bone stress might be directly affected by the implant geometry, such as

19-24 and the thread profile”. To the best of our knowledge, material

the implant shape
properties of bone are anisotropic and inhomogeneous. Even though the bone model
in this study are anisotropic material properties, real bone properties with
inhomogeneous assumption in the FE analysis may result in different stress/strain
patterns. In addition, the bone quality is different in various parts of the jaw. These
limitations should be further investigated in future studies. Moreover, although static
oblique and vertical loadings have been suggested to represent a realistic occlusal

load?, other loading conditions combined with implant positions27 may also be

considered in future investigations.

Conclusion

Within the limitations of this study, the following conclusions can be drawn:

1. With the internal tapered abutment—implant interface, the abutment diameter
might be the major factor to be considered for reducing the bone stress.
Reducing abutment diameter had more pronounced effect on reducing the
bone stress, especially under vertical loading, but it also produce a higher
risk of abutment fracture.

2. Abutment connection depth might be another factor to be considered.
Lengthening the connection depth would increase the contact area at the

abutment—implant interface and could reduce the bone stress, especially in



the oblique loading condition.

3. Degree of taper in the tapered abutment—implant joint did not influence the
bone stress under both vertical loading and oblique loading conditions. The
degree of abutment taper might have a negligible effect on the bone stress

compared to the abutment diameter and connection depth.
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Figure legends

Fig. 1 The three parameters of the implant-abutment model: abutment diameter (W),
abutment connection depth (D), and degree of abutment taper (T).

Fig. 2 Cross-sectional views of the solid model (a) and the finite element (FE) model
(b).

Fig. 3 Convergence testing of the FE model meshed with various element sizes.

Fig. 4 Stress distributions in the fixture and the cortical bone. Models W3 D4 T2 (a,
b) and W4 D4 T2 (c, d) under VL are shown for comparison. Model W3 D4 T2 has
a thicker implant wall to distribute the stress (a) and resulted in a lower peak bone
stress (b) than model W4 D4 T2 (c, d) surrounding the implant shoulder.

Fig. 5 Stress distributions in the fixture and the cortical bone. Models W4 D8 T2 (a,
b) and W4 D4 T2 (c, d) under VL are shown for comparison. Model W4 D8 T2
provided a larger contact interface between the implant and the abutment to distribute
the stress (a) and resulted in a lower peak bone stress (b) than model W4 D4 T2 (c, d)

surrounding the implant shoulder.
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Table 1. Design parameters. Thirty-six implant-abutment
models were constructed based on combinations of the

various parameters.

Abutment Abutment Degree of
diameter connection depth abutment taper
(W) (D) (T)
3 mm 4 mm 2°
3.5 mm 6 mm 4°
4 mm 8 mm 6°
g°
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Table 2. Material properties in finite element models. The symbols indicating the X,
y, and z axes represent the mesiodistal, upper-lower, and linguobuccal directions,
respectively.

Material Young’s modulus Poisson’s ratio Shear modulus
E (MPa) v G (MPa)
Vxy 0.390
Ex 19400 v, 0.300 Gyy 5700
. 0.390
Cortical bone ~ E 12600 Gy, 4850
y e
Vay .
E, 12600 e 0.253 Gy, 5700
Vxy 0.055
Ex 1148 v 0.010 Gyy 68
Vxz 0.322
Trabecular bone | E, 210 Ve 0.010 Gy, 68
Voy 0.055
E, 1148 e 0.322 Gy, 434
Titanium 117000 0.30
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Table 3. Maximum von Mises stress of bone surrounding the implant shoulder under

vertical loading (VL).
von Mises von Mises von Mises
Model stress under Model stress under Model stress under
VL (MPa) VL (MPa) VL (MPa)

W3 D8 T2 189 W35 D8 T2 199 W4 D8 T2 21.1
W3 D8 T4 188 W35 D8 T4 194 W4 D8 T4 20.8
W3 D8 _T6 187  W35D8T6 196 W4 D8 T6 20.4
W3 D8 T8 18.7 W35 D8 T8 195 W4 D8 T8 20.3
W3 D6 T2 190 W35D6T2 197 W4 D6 T2 21.9
W3 D6 T4 189  W3.5D6 T4 199 W4 D6 T4 21.1
W3 D6 _T6 188  W35D6T6 197 W4 D6 T6 20.7
W3 D6 T8 188  W3.5D6 T8 196 W4 D6 T8 20.5
W3 D4 T2 194  W35D4T2 201 W4 D4 T2 22.1
W3 D4 T4 19.5  W3.5 D4 T4 200 W4 D4 T4 21.7
W3 D4 Té6 194  W35D4T6 201 W4 D4 T6 21.2
W3 D4 T8 1901  W35D4T8 195 W4 D4 T8 20.8
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Table 4 Maximum von Mises stress of bone surrounding the implant shoulder under

oblique loading (OL).
von Mises von Mises von Mises
Model stress under Model stress under Model stress under
OL (MPa) OL (MPa) OL (MPa)

W3 D8 T2 387 W35 D8 T2 397 W4 DS T2 41.1
W3 D8 T4 392 W35 D8 T4 394 W4 D8 T4 41.0
W3 D8 T6 39.6  W3.5D8T6 404 W4 DS T6 41.4
W3 D8 T8 398 W35 DS T8 409 W4 D8 T8 41.5
W3 D6 T2 39.1 W3.5 D6 T2 399 W4 D6 T2 443
W3 D6 T4 394  W35D6 T4 406 W4 D6 T4 42.5
W3 D6 _T6 39.7  W3.5.D6T6 407 W4 D6 T6 42.2
W3 D6 T8 398  W3.5D6 T8 409 W4 D6 T8 42.0
W3 D4 T2 41.1 W3.5 D4 T2 437 W4 D4 T2 50.7
W3 D4 T4 41.1 W35 D4 T4 429 W4 D4 T4 47.9
W3 D4 T6 410  W35D4T6 430 W4 D4 T6 46.5
W3 D4 T8 409 W35 D4 TS 420 W4 D4 T8 46.2
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Table 5. Mean and standard deviation (SD) values of the

maximum von Mises bone stress under VL and OL for different

values of abutment diameter (W), connection depth (D), and

degree of taper (T).
Design Dimension Mean VL. SD VL Mean OL SD OL
factors (MPa) (MPa)
\% 3.0 mm 19.00 0.286 39.95 0.846
3.5 mm 19.75 0.243 41.17 1.416
4.0 mm 21.05 0.589 43.92 3.188
P < 0.0001 P < 0.0001
F value =212.43 F value = 29.56
D 4 mm 20.24 0.988 43.92 3.203
6 mm 19.88 0.993 40.91 1.532
8 mm 19.68 0.834 40.21 0.928
P < 0.0001 P < 0.0001
F value = 16.22 F value = 27.66
T 2° 20.23 1.195 42.03 3.777
4° 20.01 1.001 41.55 2.732
6° 19.84 0.838 41.60 2.138
8° 19.64 0.745 41.54 1.914
P =0.0002 P=0.83
F value =9.25 F value =0.3

%k significant difference for P < 0.0001 (ANOVAs)
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