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KEYWORDS Abstract Background/purpose: This study investigates the stress distributions in an implant,
dental implant; abutment, and crown restoration with different implant systems, in various bone qualities, and
finite element with different loading protocols using a three-dimensional finite element model.

analysis; Materials and methods: Eight three-dimensional finite element models with 16 test conditions
platform switching containing four types of dental implants embedded in two different bone qualities (types Il and

IV) under 100-N axial and 30° oblique loading forces were applied to analyze the stress distri-
bution in the crown restoration, abutment, abutment screw, implant, and supporting bone.
Results: The highest maximum von Mises stress was noted in the abutment of a tissue-level
implant with the Straumann system (1203.04 MPa) under a 30° oblique loading force. With axial
load application, stresses in the screw and abutment of the NobelBiocare system were greater
in the tissue-level implant (MK Ill) than in the bone-level implant (Active). The von Mises stres-
ses in the cortical bone were mostly greater in the tissue-level implant (MK Ill) than in the
bone-level implant (Active) of the NobelBiocare system. However, von Mises stresses in cancel-
lous bone were mostly greater in the bone-level implant (Active) than in the tissue-level
implant (MK Ill) of the NobelBiocare system.

Conclusion: Within the limitations of the present study, the Straumann system produced
greater stresses than the NobelBiocare system in type IV cortical bone, but they were almost
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equal in type Il bone. By contrast, the NobelBiocare system produced greater stresses than the
Straumann system in cancellous bone, regardless of the type of loading angle or bone quality.
Copyright © 2013, Association for Dental Sciences of the Republic of China. Published by
Elsevier Taiwan LLC. All rights reserved.

Introduction were performed using different bone qualities and

In spite of dental implants having been successfully used to
restore the function of missing teeth in partially and
completely edentulous patients,’"? loss of osseointegration
still sometimes occurs.? Investigating the stress distribution
can provide important information for implant design and
optimizing implant placement for various types of bone
quality.*> Bone quality is well accepted as one of the key
factors affecting the long-term success of dental implants.
Several studies have suggested that poor bone quality ex-
hibits the greatest failure rates because of a thin cortical
bone and low-density cancellous bone with a poor capa-
bility to react properly to stresses generated by occlusal
loads, and is especially correlated with cases of single im-
plants and high crown-root ratios.®

In contrast to natural teeth, there is no periodontal
ligament between a dental implant and the surrounding
bone, and the poor capacity for detection of biting forces
may increase the tendency for occlusal overloading which
can result in peri-implant bone loss and implant failure.”
Occlusal overloading is usually caused by premature con-
tact between the implant-retained crown and opposing
natural teeth or even implant prostheses. Some animal
studies investigated the influence of occlusal overloading
on the bone around dental implants. Results of those
studies revealed that occlusal overloading could be a very
important factor in loss of osseointegration of dental
implants.”-8

Another interesting issue is the prosthetic concept of
platform switching, which has been introduced to the
market recently and also has been studied histologically in
both animals and humans.® Although many studies have
reported the benefits of platform switching correlated with
biological or biomechanical situations,’®~" information
from studies with long-term observations is still lacking.
Furthermore, it is still not known whether marginal bone
level alterations are affected by the extent of implant—
abutment mismatching. ' The objective of this study was to
analyze the stress distribution in two popular commercial
dental implant systems, containing different collar designs,
with three-dimensional (3D) finite element models, which

different loading protocols.

Materials and methods

Eight 3D finite element models were built with SolidWorks
2011 software (SolidWorks Corporation, Concord, MA, USA)
and Abaqus 6.9 software (SIMULIA Corporation, Providence,
RI, USA) to analyze stress distributions. Each set of the
model contained a crown, cement-type abutment, implant,
and abutment screw, which received a 35-N preload. A
100-N axial force and a 30° oblique loading force were
applied to the occlusal table of the crown restoration to
analyze stress distributions in the crown, abutment, abut-
ment screw, implant, and supporting bone.

Implant systems

NobelBiocare system

A Branemark MKIIl TiU RP implant (length = 11.5 mm,
external collar diameter = 4.1 mm; Nobel Biocare, Goteborg,
Sweden) was connected to a screw-retained, external hex-
agonal abutment (length = 7.5 mm, diameter = 4.1 mm;
Nobel Biocare) with a straight margin connection. The
NobelActive RP bone-leveled implant (length = 10 mm,
external collar diameter = 3.9 mm; Nobel Biocare) was
connected to a screw-retained, internal hexagonal abutment
(length = 6.5 mm, implant interface diameter = 3.4 mm;
Nobel Biocare) with a 0.25-mm convergent implant collar
platform.

Straumann system

A Straumann SLA tissue-leveled standard plus implant
(length = 10 mm, external collar diameter = 4.8 mm;
Straumann, Basel, Switzerland) connected to a screw-
retained, internal hexagonal abutment (length = 6 mm,
diameter = 4.5 mm, straight standard abutment; Strau-
mann, Basel, Switzerland) with a divergent match margin
connection. The Straumann SLA bone-leveled implant
(length = 10 mm, external diameter = 4.1 mm; Strau-
mann, Basel, Switzerland) connected to a screw-retained

Table 1  Physical properties of the different components used in this study.'>'®
Component Elastic modulus (GPa) Poisson ratio Source
Cortical bone 13.0 0.3 Tada et al'”
Cancellous bone
High density 1.37 0.3 Sevimay et al'®
Low density 0.8 0.3 Tepper et al"®
Titanium (implant, abutment, screw) 102 0.3 Tada et al'”
Crown (gold alloy) 95 0.3 Craig?®
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internal hexagonal abutment (length = 6 mm, implant
interface diameter = 3.5 mm, straight standard abutment;
Straumann, Basel, Switzerland) with a 0.3 mm convergent
implant collar platform.

Material properties

All of the materials used in this study were considered to be
homogenous, isotropic, and linearly elastic. The physical
properties of different components modeled in this study
are illustrated in Table 1.">'® The implant, abutment, and
abutment screw were all designed to be titanium alloy with
an elastic modulus of 102.0 GPa.'” Two types of bone density
were modeled by varying the elastic modulus of compact
bone and cancellous bone (with high and low densities) with
elastic moduli of 13.0 GPa, 1.37 GPa, and 0.8 GPa,
respectively.”'® A gold alloy crown restoration is usually
used for implant rehabilitation at the posterior region, and
the superstructure for the model was designed to be an 86%
gold alloy restoration with an elastic modulus of 95 GPa.?°

Model design and interface conditions

Each set of the model containing the gold alloy crown,
cement-type titanium abutment, implant, and abutment
screw received a 35-N preload. For the crown restorations,
an 86% gold alloy (Aquarius; lvoclar Vivadent AG, Schaan,
Liechtenstein) was used as the material of the metal crown.
The crown morphology was designed to imitate the maxillary
second premolar, and the sizes were the same in each set of
the model. The angles of inner inclination of the buccal and
palatal cusps were designed to be 30° to the occlusal table.
Abutment heights of the models were all modified to 5 mm
from the crown margin to the top of the abutment. The fit
between the abutment and the crown restoration was
assumed to be intimate contact.?! The rough surface of the
testing fixtures about 10 mm long were totally embedded in
the bone, and interface conditions between the bone and

Figure 2 Plane diagram illustrating the model design and
geometry of the Straumann implant with the rough surface
totally embedded in bone. (A) Bone-leveled; (B) tissue-leveled.

implant were assumed to be fully osseointegrated. The
crown margin to the crestal bone level was designed with the
same distance of 1.8 mm (Fig. 1).

Model building and geometry

The bone model was simplified to a cuboid form
(10 mm x 10 mm x 20 mm) and was classified as type Il or IV
bone; type Il bone consisted of a layer of cortical bone with

A - B v & c =
iv=7.0 mm iv=7.0 mm| | _ iv=7.0 mm
i=5.0 mm ‘ i=5.0 mm i=5.0 mm
. T, . il e
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iii=10.0 mm iii=10.0 mm iii=10.0 mm
 SNECHG TRp— --.-J--_. s
Buccal side Lingual side Buccal side Lingual side Buccal side Lingual side

Figure 1

The model design of specimen components and interface condition of NobelBiocare and Straumann implants.

(A) NobelBiocare bone-leveled; (B) NobelBiocare MK Il tissue-leveled, and (C) Straumann tissue-leveled.



264 H.-S. Chang et al
Table 2 Number of elements and nodes in the NobelBiocare system.
Type Il Type IV
NobelBiocare
Active MK 11 Active MK 111

Element Node Element Node Element Node Element Node
Crown 18,183 3868 18,644 3959 18,733 3963 18,644 3959
Abutment 8582 2200 8328 2114 8428 2172 8329 2115
Screw 5742 1403 5730 1402 5771 1407 5730 1402
Implant 49,524 10,484 22,154 5145 49,431 10,459 22,645 5262
Cortex 25,287 5553 25,152 5479 15,391 3829 14,602 3674
Cancellous 22,469 4882 25,056 5437 32,075 6733 35,788 7451

uniform thickness of 2 mm, which was surrounded by a core
of dense trabecular bone, whereas type IV bone consisted
of a thin layer cortical bone with uniform thickness 1 mm,
surrounded by a core of loose trabecular bone (Fig. 2).2
The 3D models were built by SolidWorks computer aided
design program, which is capable of input geometric fea-
tures such as length, angle, diameter, and profile to make
drawings of the sample parts and assemblies.

Elements and nodes

Eight finite element models were constructed with two
implant systems, which contained four types of fixture in
combination with two types of bone quality; the numbers
of elements and nodes were well refined in the models
(Tables 2 and 3). The refined mesh of the crown restora-
tion, abutment, screw, implant, and cancellous bone were
all set to an element size of 0.4 mm, whereas the crestal
cortical bone was 1 mm (Fig. 3).

Finite element analyses

The finite element analyses were performed with the
Abaqus 6.9 program, which was used to calculate the von
Mises stress distribution. Computer-aided engineering
software was used to input a 3D model of the sample and
defined the mesh control of the models. After meshing the
3D model, conditions such as loads, constraints, and ma-
terials were assigned. A 100-N axial force and a 30° oblique

force were applied to the occlusal table of the crown
restoration to analyze the stress distribution in the crown
restoration, abutment, screw, implant, and supporting
bone. The axial load was applied on the inner inclination of
lingual cusp and buccal cusp with the same distance of
1.5 mm from the central developing groove, and an oblique
load was applied to the inner inclination of the buccal cusp
2 mm from the central groove.

Results

The maximum von Mises stresses obtained are shown in
Table 4 (NobelBiocare system) and Table 5 (Straumann
system). The highest principal stresses were mostly found
in the abutments in both systems, especially in an oblique
loading situation. Descriptions of the maximum von Mises
stresses were mainly according to the implant system and
its related products.

Implant system

NobelBiocare system

For crown restorations, the maximum von Mises stresses
were concentrated at the points of load application on the
occlusal surfaces in both products in an oblique loading
situation. However, the stress was greater with NobelActive
(113.46 MPa) than with Branemark MK IIl (70.13 MPa) in type
Il bone. For abutments, the maximum von Mises stresses
were found in the oblique loading situation; they were

Table 3  Number of elements and nodes in the Straumann system.
Type Il Type IV
Straumann
Bone level Tissue level Bone level Tissue level

Element Node Element Node Element Node Element Node
Crown 17,816 3836 18,817 3912 18,184 3925 18,172 3811
Abutment 6228 1643 3702 1164 6075 1620 4257 1384
Screw 5747 1398 5709 1398 5620 1380 5838 1417
Implant 17,657 4071 15,926 3696 17,752 4093 16,726 3883
Cortex 23,690 5165 23,707 5136 14,298 3561 14,625 3622
Cancellous 20,881 4494 20,287 4229 29,666 6148 30,282 6130
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Figure 3 Three-dimensional view of elements and nodes
distribution with different components of the model are illus-
trated. Key: Green = crown restoration; purple = abutment
collar; blue = implant shoulder; brown = cortical bone;
gray = cancellous bone.

2.7-times greater with Branemark MK Il (662.30 MPa) than
with NobelActive (245.45 MPa) in type Il bone, and
2.1-times greater with Branemark MK IIl (583.53 MPa) than
with NobelActive (274.20 MPa) in type IV bone. For screws,
the maximum von Mises stresses were found in an oblique
loading situation; they were 2.2-times greater with
Branemark MK Il (200.19 MPa) than with NobelActive

(90.10 MPa) in type Il bone and 2.1-times greater with
Branemark MK Il (253.47 MPa) than with NobelActive
(123.02 MPa) in type IV bone. In implants, the maximum von
Mises stresses were found in an oblique loading situation,
especially in type IV bone, and were 1.8 times greater in
Branemark MK Il (463.49 MPa) than with NobelActive
(254.64 MPa). For cortical bone, the maximum von Mises
stresses were found in an oblique loading situation; they
were 1.5-times greater with Branemark MK 1l (97.07 MPa)
than with NobelActive (66.51 MPa) in type Il bone. For
cancellous bone, the maximum von Mises stresses were
found in an axial loading situation; they were 1.9-times
greater with NobelActive (1.94 MPa) than with Branemark
MK III (0.99 MPa) in type Il bone and 1.4-times greater with
NobelActive (2.58 MPa) than with Branemark MK Il
(1.84 MPa) in type IV bone.

Straumann system

For crown restorations, the maximum von Mises stresses
were concentrated at the points of load application on the
occlusal surfaces in both products in an oblique loading sit-
uation (Fig. 4). They were 3.2-times greater in the tissue-
level implant (253.26 MPa) than the bone-level implant
(80.72 MPa) in type Il bone and also 3.2-times greater in the
tissue-level implant (234.16 MPa) than the bone-level
implant (73.68 MPa) in type IV bone. For abutments, the
maximum von Mises stresses were found in an oblique loading
situation; they were 4.8-times greater in the tissue-level
implant (1203.04 MPa) than the bone-level implant
(247.43 MPa) in type Il bone and just 1.1-times greater in the
tissue-level implant (382.84 MPa) than bone-level implant
(359.13 MPa) in type IV bone. For screws, the maximum von
Mises stresses were 1.6-times greater in the tissue-level
implant (181.70 MPa) than the bone-level implant
(116.20 MPa) in type IV bone. For implants, the maximum von
Mises stresses were found in an oblique loading situation;
they were 1.5-times greater in the tissue-level implant
(339.82 MPa) than the bone-level implant (234.54 MPa) in
type Il bone and 1.6-times greater in the tissue-level implant
(374.16 MPa) than the bone-level implant (240.88 MPa) in
type IV bone. For cortical bone, the maximum von Mises
stresses were found in an oblique loading situation; they
were 1.6-times greater in the tissue-level implant
(94.23 MPa) than the bone-level implant (57.53 MPa) in type Il
bone, and 1.7-times greater in the tissue-level implant

Table 4 Maximum von Mises stress (MPa) in different components of NobelBiocare models in different bone qualities and

different loading angles.

Products NobelBiocare
Type Il Type IV
Active MK 111 Active MK Il

Loading angle 0° 30° 0° 0° 30° 0° 30°
Crown 7.8686 113.4610 6.8723 70.1333 7.5512 84.5432 6.9873 70.2599
Abutment 13.3162 245.4520 26.7876 662.3030 13.8777 274.2010 28.3132 583.5320
Screw 9.6096 90.1041 16.1044 200.1940 12.1696 123.0210 18.1549 253.4690
Implant 15.1580 283.7150 14.1403 312.7180 23.6874 254.6440 16.7891 463.4930
Cortex 6.0839 66.5107 7.6799 97.0723 2.3523 20.9631 3.0124 20.6457
Cancellous 1.9425 5.0874 0.9989 3.9715 2.5809 7.9157 1.8429 8.2781
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Table 5 Maximum von Mises stress (MPa) in different components of Straumann models in different bone qualities and
different loading angles.

Products Straumann
Type I Type IV

Bone level Tissue level Bone level Tissue level
Loading angle 0° 30° 0° 30° 0° 30° 0° 30°
Crown 6.4455 80.7191 16.0696 253.2560 16.1588 73.6771 22.4397 234.1630
Abutment 12.6970 247.4260 85.4391 1203.0400 16.6552 359.1300 25.8439 382.8440
Screw 10.3743 96.3107 15.9071 210.7840 10.5059 116.1950 12.1518 181.6970
Implant 11.8742 234.5430 14.4268 339.8240 33.4159 240.8820 18.1096 374.1600
Cortex 8.7094 57.5333 7.6921 94.2295 33.8099 61.1688 11.2280 104.4830
Cancellous 0.7962 3.4723 1.3093 3.7415 1.0002 4.0189 1.2033 4.9687

(374.16 MPa) than the bone-level implant (240.88 MPa) in
type IV bone. For cancellous bone, the maximum von Mises
stresses were found in an oblique loading situation; they
were 1.1-times greater in the tissue-level implant (3.74 MPa)
than the bone-level implant (3.47 MPa) in type Il bone, and
1.2-times greater in the tissue-level implant (4.97 MPa) than
the bone-level implant with a convergent platform collar.

Bone-leveled implant with convergent platform collar
The maximum von Mises stresses in the bone-level implant
with a platform design in cortical and cancellous bone with

5, Mises

(Avg: 100%)
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different loading angles are illustrated in Fig. 5. The stress
distribution in cortical bone also revealed that the higher
the loading angle, the greater the von Mises stress distri-
bution found in both implant systems, in either type Il or
type IV bone. Von Mises stresses in the Straumann system
were mostly greater than those in the NobelBiocare system,
except in type Il bone with a 30° oblique loading angle. The
maximum von Mises stresses in cancellous bone with the
NobelBiocare system were greater than those of the
Straumann system in relative bone types and loading
angles.

Figure 4 The stress concentrated in abutment and implant connection, especially in tissue-leveled implant of the Straumann
system in type Il bone under 30° loading angle. (A) Straumann tissue-leveled implant; (B) NobelBiocare MK Il tissue-leveled

implant; (C) Straumann bone-leveled implant.
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Bone level
Straumann (ITT) NobelBiocare
Bone type Typell TypelV Typell TypelV
Loading 0° 30° 0° 30° 0° 30° o° 30°
angle
Cortex 8.7094 | 57.5333 |33.8099| 61.1688 | 6.0839 [ 66.5107 | 2.3522 | 20.9631
Cancellous | 0.7962 | 3.4723 | 1.0002 | 4.0189 | 1.9425 [ 5.0874 | 2.5809 | 7.1957
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Figure 5 Table and diagrams illustrating the comparison of maximum von Mises stress (MPa) of bone-leveled implants of both
implant systems in different bone qualities and loading angles.

Tissue-level implant with a straight and divergent margin

connection

Results of the maximum von Mises stress analyses in the
tissue-level implant with a straight and divergent design and
with cortical and cancellous bone with different loading
angles are shown in Fig. 6. The maximum von Mises stresses

in cortical bone in the Straumann system were mostly

greater than those in the NobelBiocare system, except in

type Il bone with a 30° oblique loading angle. The maximum
von Mises stresses in cancellous bone in the NobelBiocare
system were greater than those in the Straumann system,
except in type Il bone with axial loading angle.

Tissue level
Straumann (ITI) NobelBiocare
Bone type Typell TypelV Typell TypelV
Loading o' 30° 0° 30° 0° 30° 0° 30°
angle
Cortex 7.6921 | 94.2295 |11.2280|104.4830| 7.6799 | 97.0723 | 3.0124 | 20.6457
Cancellous 1.3093 | 3.7415 1.2033 | 4.9687 | 0.9989 | 3.9715 1.8429 | 8.2781
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Figure 6 Table and diagrams illustrating the comparison of maximum von Mises (MPa) stress of tissue-leveled implants of both
implant systems in different bone qualities and loading angles.
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Figure 7 Comparison of stress distribution of implants with divergent, straight, and convergent collars in different bone qualities

and loading angles.

Discussion

In spite of dental implants having successfully been used to
replace missing teeth for decades, there are still many
related complications in clinical performance, including
porcelain fracture, screw loosening, fracture of implant

components, and surrounding bone resorption.?>~2¢ How-
ever, veneer fracture of implant-supported restorations has
became the most common complication of dental implant
treatment, and it may shorten the longevity of prosthe-
ses.?>2% Small veneer fractures can be repaired, but larger
fractures often require a new crown or bridge. Lateral
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Figure 8 Occlusal view of stress distribution features on the top of the cortical bone crest surrounding the NobelBiocare implants
in type Il and type IV bone with 30° loading angle on the buccal side. Type Il bone represents more stress concentrations on the
buccal side of the cortical bone than on the lingual side. Bone-leveled implants (left) were less than tissue-leveled implants (right).
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Figure 9

Occlusal view of stress distribution features on the top of the bone crest surrounding the Straumann implants in type Il

and type IV bone with 30° loading force on the buccal side. Type IV bone represents more stress concentrations on the buccal side
of the bone crest than on the lingual side. Tissue-leveled implants were greater than bone-leveled implant. BL = bone-leveled;

TL = tissue-leveled.

occlusal interference or unusual heavy biting forces may
lead to fracture of veneer restorations and surrounding
crestal bone resorption of the dental implant. The
maximum von Mises stresses in crown restorations in the
present study were about 10—16-times greater with a 30°
loading angle in both systems. This implies that the
tremendous stress and strain during premature contact or
lateral occlusal interference can damage the veneer of
implant-supported prostheses. Another important finding in
this study was that the components of both implant systems
seemed to bear most of the stresses that were mainly
concentrated at the neck portion connection of the
abutment-screw-implant complex, especially in tissue-
leveled implant of Straumann system (1203.04 MPa) with
the 30° loading angle (Fig. 4). These findings suggest that
the tissue-level implant with a straight external hexagonal
abutment connection of the NobelBiocare system may
provide better clinical performance than the tissue-level
implant with a divergent internal hexagonal abutment
connection of the Straumann system in type Il bone under a
30° loading angle situation. Fig. 4 also shows that the stress
concentration shifted to the interface of the bone-level
implant and minimized the stress in crestal cortical bone.
By contrast, the tissue-level implant of the Straumann
system seemed to be superior than that of the NobelBiocare

system in type IV bone with a 30° loading angle. However,
clinical studies are necessary to confirm these findings. The
final results also revealed that the bone-level implant with
a convergent collar design possessed a better stress distri-
bution than the tissue-level design of both systems. The
implant and abutment of both systems inherited most of
the stresses in both types of bone quality under a 30°
loading angle (Figs. 5 and 6). Many clinical studies revealed
that the greatest von Mises stresses were concentrated in
the abutment-implant complex, which may be related to
frequent complications, including screw loosening and
abutment or retaining screw fracturing.?’ =’ The von Mises
stresses in the abutment-implant complex in the present
study were similar in both systems, which were consistent
with the findings of those previous studies by Holmgren
et al and Quaresma et al.3%3"

With the exception of analyzing the stress distributions
in crown restorations and implant components, another
important issue about the stress distribution in cortical
bone and cancellous bone should be seriously discussed.
Long-term success rates of dental implants suggest that soft
and hard tissues surrounding an implant should be able to
tolerate biological and mechanical irritation. In particular,
the surrounding bone receives long-term nonaxial loading
cycles, and bone fatigue may occur and cause weakening of
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the bone structure, as reported previously.'>32734 Exces-
sive occlusal forces on implant-supported prostheses can
impair osseointegration or induce bone resorption.”:3%3¢
The maximum von Mises stresses in the cortical bone sur-
rounding the tissue-level implant were similar in both sys-
tems in type Il and type IV bone, but with the exception of
type IV bone, the Straumann system provided a better
stress distribution.

Generally speaking, based on the results of this study,
the maximum von Mises stresses in bone-level implant
models with a convergent platform collar of both systems
exhibited better results than tissue-level implant models
with straight or divergent match margin connections in
cortical bone, especially with a 30° loading angle (Figs. 5
and 6). The present results were consistent with the con-
clusions proposed by Bozkaya et al,>” who suggested that
implants with a convergent collar exhibited a favorable
stress distribution at the top of cortical bone crest. The
results were also consistent with those of Misch and Bidez3®
and Shen et al,'® who claimed that divergent collars were
more favorable than straight collars in type Il bone with a
30° loading angle. However, stress distributions of straight
collars were more favorable than those of divergent collars
in type IV cortical bone in this study (Fig. 7).

According to the findings of this study, the solitary
implant design cannot be applicable for all bony situa-
tions. Stress distributions in type Il cortical bone were
similar to each other, whereas the NobelBiocare system
expressed better than the Straumann system in type IV
cortical bone. Most of the stress distributions were
concentrated on the top of cortical bone for all of the
models, especially under nonaxial loads (Figs. 8 and 9).
Figs. 8 and 9 also show that stress concentration on the
buccal side of the cortical bone was greater than that on
the lingual side, and that of the tissue-level implant was
greater than that of the bone-level implant. The
abutment-implant connection on convergent collar im-
plants was closer to the crestal cortical bone than implants
with straight or divergent collars. In the present study, the
divergent collar design seemed to transfer stresses to the
internal abutment-implant connection, whereas stress
concentrations at the abutment-implant junction may
have increased the opportunity of loosening or fracturing
the components of the dental implants. More clinical evi-
dence is required to confirm the findings of the present
study. In this study, the rough surface of the standard
screw implants embedded in bone models was assumed to
be close to each specimen, and we attempted to analyze
the stress distribution on the bone surrounding the
different implant collar designs with a 100-N loading force,
which is within physiologic limits. However, nonaxial heavy
biting forces usually far exceed this test force, which
could exacerbate the stress concentration on the crestal
cortical bone and cause saucerization of the supporting
bone of dental implants in actual oral conditions.
Maximum stress areas were numerically located at the
abutment-implant connection, and a possible nonaxial
overloading could occur in compression in cortical and
cancellous bone.3 Higher remodeling activity under non-
axial versus axial loads, also reported in an animal study,*°
was correlated with higher equivalent stresses in a finite
element analysis study.*' In the present study, the

conditions between the implant and surrounding bone
were assumed to be fully osseointegrated for all well-
refined models. However, partial osseointegration usually
occurs in actual clinical situations, and the screw design
and rough surface of dental implants are usually dissimilar
to each other, but all mathematical values were generated
with the same loading and bony conditions in this study.
Finite element models have limitations because the me-
chanical properties and the nonlinear behavior of biolog-
ical tissues cannot precisely be imitated in the actual oral
cavity. More clinical trials are necessary to confirm further
the findings of the present study.

In conclusion, according to the results of the present
study, the solitary implant design cannot be applicable for
all bony situations. However, dental implants with a
convergent (platform-switching) collar expressed better
stress distributions than straight or divergent collars in
cortical bone when under a 30° angle loading. In order to
achieve favorable success rates or survival rates of dental
implant treatment, careful selection of the implant system
combined with ideal bone quality and a proper loading
protocol are strongly suggested to minimize the destructive
influence of loading forces on the surrounding bone of a
dental implant.
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