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Biomechanical stress and microgap analysis of
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structure according to the five different
directions of occlusal loads
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PURPOSE. The stress distribution and microgap formation on an implant abutment structure was evaluated to
determine the relationship between the direction of the load and the stress value. MATERIALS AND METHODS.
Two types of three-dimensional models for the mandibular first molar were designed: bone-level implant and
tissue-level implant. Each group consisted of an implant, surrounding bone, abutment, screw, and crown. Static
finite element analysis was simulated through 200 N of occlusal load and preload at five different load
directions: 0, 15, 30, 45, and 60°. The von Mises stress of the abutment and implant was evaluated. Microgap
formation on the implant-abutment interface was also analyzed. RESULTS. The stress values in the implant were
as follows: 525, 322, 561, 778, and 1150 MPa in a bone level implant, and 254, 182, 259, 364, and 436 MPa in
a tissue level implant at a load direction of 0, 15, 30, 45, and 60°, respectively. For microgap formation between
the implant and abutment interface, three to seven-micron gaps were observed in the bone level implant under a
load at 45 and 60°. In contrast, a three-micron gap was observed in the tissue level implant under a load at only
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60°. CONCLUSION. The mean stress of bone-level implant showed 2.2 times higher than that of tissue-level
implant. When considering the loading point of occlusal surface and the direction of load, higher stress was
noted when the vector was from the center of rotation in the implant prostheses. [J Adv Prosthodont 2020;12:316-

21]
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INTRODUCTION

Implant treatments have been successfully conducted in the
dental field."” Focusing on the mechanical complications of
the dental implant, screw loosening during the five-year fol-
low up was reported to be 8.8% for single crowns on
implants and 11% for fixed dental prostheses with cantile-
vers on the implants.**
and implant fractures are the main mechanical complica-
tions of dental implants. Many studies have been performed
to overcome these complications through a series of stress
analyses, including a finite element analysis (FEA).
Several factors influence the stress distribution of
implant restorations, such as the crown height, type of the
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implant connection, the direction of the load, cusp inclina-
tion, size of the occlusal table, and implant angulation. The
stress level of the implant increased with increasing crown
height, which appears to be a more critical factor than the
crown-implant ratio.'> This is related to the class I lever
effect. The fulcrum, load arm, and effort arm should be
considered carefully to understand the stress distribution of
the implant restoration.

The difference in implant connections, such as internal,
external, and tissue level, showed a significant difference in
biomechanical aspects. The tissue level connection showed
half of the stress level compared to the bone level connec-
tion because the transmucosal part of the tissue level
implant decreases the length of the crown height and
increases the diameter of connection compared to that of
the bone level implant.® On the other hand, the stress level
under a 30° oblique load was 3.5 times higher than that of a
vertical load, which was the most critical factor influencing
the stress distribution of the implant components.®

In general, two types of loads have been applied in
many studies, vertically and 30° obliquely. On the other
hand, some studies did not reveal the precise loading posi-
tion on the occlusal surface? A torque and lever effect can
be produced when a vertical load is not applied to the cen-
ter of the implant’s axis.® To the best of the authot’s knowl-
edge, few studies have examined the comprehensive rela-
tionship of the direction of load, center of rotation, and
stress distribution on the implant restoration simultaneously.
Therefore, the correlation between the stress level and vari-
ous directions of the load on the occlusal surface was exam-
ined under bone level and tissue level implant. The null
hypothesis was that the stress value is not affected by the
direction of load and connection type of implant.

MATERIALS AND METHODS

The following three-dimensional models were designed for
the analysis: internal bone level (BL) and tissue level (TL)
implants, abutment, screw, crown, and surrounding bone
structure, including a 2 mm thickness of cortical bone and
cancellous bone (Fig. 1). The implants had a diameter of 4.5
mm and a length of 10 mm for both groups. FEA was con-
ducted to evaluate the von Mises stress and microgap for-
mation on the implant and implant-abutment interface.

All components, such as cortical, cancellous bone,
implant, screw, abutment, and crown, were designed using
3D softwate (Fusion 360, Autodesk, San Rafael, CA, USA).
The distance from the cortical to the top of the crown was
10 mm, the same for BL and TL. The height of the trans-
mucosal part of the TL implant and BL abutment was the
same at 2 mm. The height of the crown was 8 mm, and the
shape of the crown was designed geometrically in both
groups. Bach component was produced similarly on both
groups only except for the implant connection and abut-
ment. All the designed parts were converted to four nodes
of tetrahedral elements to perform FEA. The number of
elements was approximately 150,000 - 200,000 for each

group.

The contact condition was managed for each facing sur-
face. The interfaces among the implant, abutment, and
screw were assumed to be a contacted surface with a 0.3
frictional coefficient.?> The other surfaces were set to the
bonded contact to assume perfect osseointegration between
the bone and implant, and perfect bonded conditions
between the crown and abutment. All components were
assumed to be isotropic, linearly elastic, and homogenous
features. A 300 N preload was applied to mimic the intrinsic
stress of the implant assembly caused by tightening the
screw.**? A 200 N occlusal force in the direction of 0, 15,
30, 45, and 60° were applied to the occlusal area of the
crown, assuming an off-axis area (Fig. 2). The highest von
Mises stress of the implants was calculated for both groups
under loads at five different directions. Subsequently, the
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Fig. 1. lllustration of the design of the three-dimensional
model.

Fig. 2. Five directions of occlusal load assuming buccal
cusp area.
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Table 1. Materials properties used in FEA analysis

Meterial component Elastic modulus (MPa) Poisson ratio Reference
Crown 111 000 0.34 Bulaqi et al.?"
Abutment 111 000 0.34 Bulagi et al.?'
Implant 111 000 0.34 Bulagi et al.?!
Cortical bone 13 700 0.3 Bulaqi et al.?'
Cancellous bone 1370 0.3 Bulaqi et al.?"

microgap formed on the implant-abutment interface was
calculated for both groups using the displacement button in
the result tap in the software. The maximum distance
between the implant and abutment surface under loading
condition was analyzed to evaluate the microgap. The center
of rotation of the restoration was also determined accord-
ing to the various directions of the loads.

The boundary conditions were fixed in the x-, y-, and
z-direction on the mesial, distal, and bottom surfaces of
cancellous bone to restrict unpredictable movement of the
parts. Table 1 lists the elastic modulus and Poisson ratio of
parts for the simulation.

RESULTS

Figure 3 shows the highest von Mises stresses of the
implants according to the various directions of the load.
The stress of BL was 525, 322, 561, 778, and 1150 MPa
under a load at 0, 15, 30, 45, and 60°, respectively. In con-
trast, the stress of TL was 254, 182, 259, 364, and 436 MPa
under the same conditions. Figure 4 shows the overall colot-
coded figures of the stress distribution. The stress level and
rotational torque were lower than the other group under a
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Fig. 3. Stress level of two implants depending on the var-
ious load directions.
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load at 15°.

The center of rotation of the abutment under an
oblique load was observed in the 60° load direction. In con-
trast, an upward tendency of the vector on the abutment
was observed under a 15° load direction. A small amount of
reverse torque was observed under a load at 0° compared to
that at 60°. The same tendency on tissue level implant was
determined (Fig. 5).

Figure 6 presents microgap formation on the implant
abutment interfaces. The formation of a less than 1-micron
gap was observed on BL under a load at a 0, 15, and 30°
direction. Gaps of 3.2 microns and 6.7 microns were found
at an oblique loading on BL at 45° and 60°, respectively. A
gap of less than 1 micron was observed on TL under a load
at 0, 15, 30 and 45°. A 2.6-micron gap was observed under a
load on TL at 60°.

DISCUSSION

The null hypothesis was rejected according to the result in
this study. Among the various factors affecting the stress
level applied to an implant, the direction of the force was a
significant factor. There have been a few detailed studies

600
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Fig. 4. Color-coded stress distribution under five direc-
tions of loads. The red arrow shows the direction of the
occlusal load.
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Fig. 5. Force vector of elements of the bone and tissue
level implant under different directions of loads. The red
dot shows the rotation center of the abutment. The small
multiple arrows show force vector on the overall compo-
nents under 0, 15 and 60 degree of load direction.

focusing on the direction of the load. Therefore, FEA was
performed to observe the stresses of implants at the bone
and tissue levels under five loading directions.

Many studies applied the vertical force and a 30° oblique
force in the mechanical loading tests on specimens or
through computational analyses.****** Chang et a/. applied
a 100 N vertical and 30° oblique load on the occlusal sur-
face of the implants. They reported that the stress level of
the abutment under an oblique load was 10 - 20 times high-
er than that under a vertical load, but the precise loading
points on the occlusal surface were not revealed.” Lee e# al?
also applied a vertical and 30° oblique load on the occlusal
surface of four different types of implants, and the stress
level of the oblique loading was 3.5 times higher than that
of a vertical load in general. They revealed the exact loading
point on the occlusal surface. The vertical load was applied
to the buccal cusps and central fossa of the occlusal surface,
and the fulcrum area on the implant was observed in the
vertical load in that study.

The results showed that the implant experienced a later-
al force after applying a vertical load to where the axis of
the load deviated from the axis of the implants. The stress
level under a 15° oblique load showed the lowest value
because the direction of the force pointed to the center of
the connection, which would result in less torque on the
implant and abutment. As the angle of load increased to 30,
45, and 60°, the stress level of the implants also increased
accordingly. A 3.6 times difference was observed between
15 and 60° on BL, whereas a 2.4 times difference was noted
in TL. The TL has a wider connection than BL, and the
length of the crown from the connection to the occlusal
sutface is shorter than B, which would result in a decrease
in torque. The TL has a 2.8 mm height of transmucosal
part, which reduces the crown height and makes it to be
favorable in lever effect compared to that of the BL. The
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Fig. 6. Microgap between the implant-abutment connec-
tion.

diameter of connection was 3.4 and 4.8 mm in BL. and TL,
respectively. Therefore, the base area of connection of the
TL was 2 times larger than that of the BL. These factors
seem to affect the results of stress value on implant restora-
tion in this study.

In addition to the stress level, microgap formation
occurred rapidly over a certain threshold. In particular, in
the case of TL, microgap formation was not observed up to
a 45° oblique load. In BL, microgaps were not observed
under a 30° oblique load. The microgap would affect the
bacterial microleakage of the implant, which is related to
the peti-implantitis.***' The latger microgap means the high-
er deformation of titanium, and the deformation of titani-
um results in the stress of the implant.

The stress and microgap in TL and BL implants are
related to torque on the implant component. To reduce the
torque, the intrinsic resistance of the implant against the
external load should be enhanced, and the extrinsic force
should be minimized. The intrinsic factors are related to
morphological aspects such as crown height, shape, the
thickness of titanium, while the extrinsic factors ate related
to amount of load and direction of load. The stress and
microgap could be controlled considering these factors
simultaneously. The TL has a mechanical advantage com-
pared to the BL in the aspect of morphology based on the
result of this study.

Weinberg reported the correlations among the size of
the occlusal surface, cusp inclination, and the vector of
implant restorations in 1993."® The decrease in stress was
explained using two-dimensionally simplified figures by
reducing the size of occlusal surface and the decreasing the
angle of the cusps. In the era of digital dentistry, three-
dimensional designs of individualized implant crowns wete
generated using computer-aided designing software in daily
practice. Occlusal design will be performed considering the
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vectors of each occlusal contact points using vector analysis
in the dental CAD software in the future.

The limitation of this study was that there was a differ-
ence between the FEA and various clinical situations. The
design of the models was simplified compared to the real
situation. For example, a cement layer was not included in
this study, and the shape of crown was designed geometri-
cally. These simplifications reduce the errors and duration
of analysis, but they could increase the difference between
the FEA and the real situation. Therefore, further studies
are needed to apply the results to real condition. Additional
experiments will be needed to verify this study through a
mechanical test under various directions of loads with a
number of specimens.

CONCLUSION

The vector from the occlusal surface and the position of
the implant-abutment connection should be considered
simultaneously for minimizing the stress of implants. Tissue
level implant showed less stress value around the implant-
abutment connection than bone level implant under the
same load condition. The stress level was increased as the
direction of the vector changes from the center of the
implant connection.
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