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Purpose: Patterns of von Mises stress values surrounding implants supporting fixed prostheses in the
posterior edentulous maxilla were evaluated using 3-dimensional finite element analysis. Materials
and Methods: Implants were placed in maxillary bone in 2 different configurations. In the first configu-
ration, implants were placed in the first premolar, second premolar, and second molar regions; in the
second configuration, implants were placed in the second premolar and second molar regions, and a
mesial cantilever was extended to the space of the first premolar tooth on the superstructure. On the
implant placed in the socket of the second molar, 3 different inclinations were used (0, 15, and 30
degrees). Loading was applied in the vertical, oblique, and horizontal axes. Results: Inclination of the
implant in the molar region was found to result in increased stress. Significant increase in stress on
the implant embedded in the premolar region was also seen in the design with the cantilever as com-
pared to the conventional prosthesis design. Discussion: The stress concentrations observed at the
neck of the implant were similar to results reported in the literature. Conclusion: The highest stress
value obtained in the study was 194.2 MPa with oblique loading. This value did not exceed the
endurance limit of pure titanium, which is 259.9 MPa. INT J ORAL MAXILLOFAC IMPLANTS 2006;21:
36-44
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|n recent years, dental implants have been used in a
variety of situations in dental treatment, from sin-
gle tooth replacement to restoration of complete
arches. Biomechanical principles are one of the
important factors in implant-supported prosthesis
success. Implant treatment involves both biologic
and mechanical components. In this biomechanical
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system, overloading can involve both marginal bone
loss and component failure caused by biting
forces.”*

Finite element analysis (FEA) has been utilized to
evaluate the stresses induced around implant com-
ponents and surrounding bone tissue. To study a
complex mechanical problem, FEA can be used to
divide the problem into a collection of much smaller
and simpler elements. Complicated geometric struc-
ture is converted into a mesh in a computer set. This
structure consists of elements, their respective
nodes, and predefined boundary conditions. Nodes
are divided into same-sized finite number elements
interconnecting each other at angles. Displacement
and stress caused by loading on each node can then
be calculated by a computer program.® Image data
obtained with the aid of computed tomography or
magnetic resonance imaging is used to get 2- or 3-
dimensional information and the mesh necessary for
finite element analysis.>®
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FEA can be used to evaluate different materials.
For example, the nonhomogeneous structure of
bone can be subdivided into cortical and trabecular
components. Furthermore, this analysis can yield 3-
dimensional (3D) images of the displacement and
stresses calculated.

In partially edentulous arches, location of the
implants is more linear than in complete-arch
restorations and is therefore greatly affected by the
bending moments. Because of the anatomic position
of the maxillary sinus, placement of implants in the
desired number and location cannot be established.
For this reason the implants are placed in an inclined
position.3*7

In the present study, the effects of mesiodistal
inclination of implants on the stress distribution on
an implant-supported fixed prosthesis placed in the
posterior maxillary region were investigated.

The aim of this study was to evaluate von Mises
(VM) stress values and patterns on implants with
mesiodistal inclination in implant-supported fixed
prostheses applied in maxillary posterior edentulous
cases using 3D FEA. For this purpose, cadaveric maxil-
lary bone was used.

MATERIALS AND METHODS

To obtain cross-sectional images of the maxillary
bone, Siemens Somatom Volume Zoom computed
tomography (Medical Engineering Group, Forcheim,
Germany) was used. The apparatus was set to 120 kV
and 7 mA, eff. mAs 80. Cross sections were obtained
in the frontal plane and from the posterior region in
1-mm section spaces. Organization of the data to
obtain a more homogeneous 3D mesh structure was
accomplished with the creation of a solid 3D model
and the Mark Mentat FEA program (MSC Software,
Santa Ana, CA).

In the FEA program, a mesh structure was divided
into sets depending on material and region.

Construction of 3 D Finite Element Model
Implants were placed in the left maxillary bone using
2 different configurations. In the first design, 1
implant was placed in the first premolar site (Pm’), 1
in the second premolar site (Pm?), and 1 in the sec-
ond molar (M?) site; in the second configuration, 1
implant was placed in the Pm? region and 1 in the M?
region. The implants were 11 mm long and 4.3 mm
high. Implants were modeled were solid cylinder-
type titanium implants.

A minimum of 1T mm of space was preserved
between the implants and maxillary sinus. Abut-
ments were modeled as 6.5 mm in height. An incli-

Fig 1  Cylindrical implant design and relationship with the max-
illary sinus.

nation of 5 degrees was used. For the implant placed
in the M2 socket, 3 different inclinations were used: 0,
15,and 30 degrees (Fig 1).

In the study, maxillary bone was considered to be
homogeneous type 3 bone. For this reason, a new
mesh structure was constituted for the cortical bone of
0.75-mm thickness. Cortical and trabecular bone were
assumed to be isotropic, homogeneous, and linearly
elastic. The canine set was defined as a separate set and
transformed to a solid form as dentin. Modeling of the
implant placed into the socket of M? at 3 different
angles and in 2 different designs required the forma-
tion of 6 separate solid models. Other than cortical
bone, the rest of the bone structure was transformed to
a solid material with trabecular bone properties. A tight
bond between bone and the whole implant interface
was accepted.

The fixed partial prosthesis was divided into 2
separate sets, metal framework and porcelain. In
addition, 2 different designs were prepared. A fixed
partial prosthesis with 4 units was constructed to be
used with the 3-implant configuration. For the 2-
implant configuration, 2 implant supports were used,
and a mesial cantilever was extended to the space of
Pm?' tooth. The metal framework was defined as a
cobalt-chromium (Co-Cr) alloy and prepared with a
minimal thickness of 0.3 mm. For the porcelain set,
the mesh structure was detached from the main
model. In modeling of the pontic placed in the
region where an M' tooth was lacking, a mesh struc-
ture of the crown of the M' tooth derived from
cadaver bone was used.The pontic was prepared as a
ridge-lap by adding elements and changing the
localizations of the nodes.

All of the sets defined in this study can be seen
together in Fig 2. The elastic modulus and Poisson
ratio are shown in Table 1.
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Fig 2 View of all the sets.

Boundary Conditions

The models prepared in the study were fixed in 2
separate planes. The first plane was the medio-axial
plane crossing the maxillary bone medially. The sec-
ond plane was a horizontal plane crossing the maxil-
lary bone at the superior border. These planes acted
as support to the model. The model took support
from these regions when a force was applied. The
supporting planes had to be located far from the
areas where stress was to be analyzed to avoid influ-
encing the analysis.?® The planes were fixed at least
20 mm away from the evaluation area.

Loading

Load was applied to each unit of the prosthesis.
Loading areas were determined by contact points
between the functional cusps of the mandibular
teeth and the maxillary teeth in a cusp-marginal
ridge relation. Loading was realized at 94 separate
nodes (Fig 3).

Loading was applied in 3 different axes, ie, it was
either vertical, oblique (at an angle of 30 degrees), or
horizontal. Vertical loading was 470 N. Loading was
carried out as follows: 100 N to the Pm' region, 100 N
to the crown at Pm? region, 140 N to the pontic, and
130 N to the crown in the M? region.'® Thus, 5-N forces
were loaded to each node. Furthermore, a force of 940
N was used for oblique loading; a force of 135 N was
applied for horizontal loading. The ratio between the
vertical, oblique, and horizontal loads was similar to
the ratio reported in the investigation by Koolstra and
colleagues.’ This ratio has also been used by other
authors in various studies on this subject.'>'4
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Table 1 Elastic Modulus, Poisson's Ratio, and
References of the Materials Used

Elastic Poisson
modulus (E) ratio (Q) References

Cortical bone 13.70 GPa 0.30 8,9, 10
Trabecular bone 1.37 GPa 0.30 8, 10
Dentin 18.60 GPa 0.31 5
Titanium 115.00 GPa 0.35 9

Cr-Co alloy 218.00 GPa 0.33 5
Porcelain 68.90 GPa 0.28 5

Fig 3 Selected nodes for loading.

RESULTS

VM Stresses Occurring on Implants
Figures were obtained from the buccal and palatinal
aspects of implants and abutments to evaluate the
changes related to different inclinations and designs.
The highest VM stresses on implants and abutments
were determined for vertical, oblique, and horizontal
loading. Evaluation scales were between 0 and the
highest value related to the direction of loading. A
valid scale range enables the comparison of figures
with each other.The scale was determined to be 0 to
54 MPa for vertical loading, 0 to 242 MPa for oblique
loading, and 0 to 68 MPa for horizontal loading. The
highest and lowest scale values had to be kept stan-
dard so that the same color did not represent differ-
ent stress intervals in different figures (Figs 4 and 5).
The concentration of VM stresses at the neck
region of the implant was observed. For this reason, 4
regions were selected at the buccal, palatinal, mesial,
and distal aspects of the implants for determining
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Fig 4 VM stresses on the implants in configuration 1 with horizontal loading (MPa). Molar implant was inclined at 30 degrees.
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Fig 5 VM stresses on the implants in configuration 2 with horizontal loading (MPa). Molar implant was inclined at 30 degrees.

VM stresses (Figs 6 and 7). Mean VM stress values for
3 nodes in each region are given in Table 2 and Fig 8.

Evaluation of VM Stresses Occurring on
Implants with Vertical Loading

VM stresses were concentrated in the neck region of
the implant embedded in the molar area for the first
design and in the premolar area for the second
design. The highest stress values created were in the
36-MPa range and mesial to the neck region of the
implant embedded in the premolar area in the sec-
ond design.

Because of the increase in inclination of the
implant, stress at the mesial, buccal, and palatinal
points in the neck region of the molar area implant
was reduced, while there was an increase in stress
distally. VM stresses mesial and palatinal to the pre-
molar area in the second design showed an increase
approximately 12 times mesially and 3.5 times palati-
nally for the first design. Stresses in these areas were
at least 1.5 times greater than stresses occurring on
whole implant surfaces for each design (Table 2 and
Fig 8a).
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Fig 6 Selected nodes on the mesial, distal, and palatinal
aspects of the implants for evaluation of VM stresses.

Table 2 VM Stresses on the Implants at Selected Nodes (MPa)

Fig 7 Selected nodes on buccal aspect of the implants for eval-
uation of VM stresses.

Design 1 Design 2
Vertical Oblique Horizontal Vertical Oblique Horizontal
00
1 9.33 79.07 21.73 — — —
2 2.78 33.90 7.66 36.69 105.83 28.79
3 14.46 47.90 12.90 14.46 58.75 15.30
4 9.08 33.88 11.08 — — —
5 18.77 69.77 15.45 7.96 64.00 19.36
6 12.11 67.39 19.20 6.35 65.67 19.30
7 5.72 125.23 33.11 — — —
8 8.67 117.18 29.36 9.12 186.78 51.05
9 21.72 155.74 35.00 11.15 184.22 40.55
10 14.04 112.16 38.53 — — —
11 9.40 73.04 25.25 32.65 116.95 48.69
12 8.31 117.10 35.31 10.45 151.89 48.13
15°
1 9.74 80.03 22.01 — — —
2 3.06 33.92 9.51 36.64 101.67 28.44
3 9.59 53.77 13.85 9.80 55.04 15.56
4 9.36 37.06 12.21 — — —
5 19.29 72.28 15.93 7.31 67.44 20.22
6 16.71 76.88 21.88 9.11 72.77 21.47
7 6.03 125.92 33.18 — — —
8 8.97 119.32 29.86 9.35 188.92 51.67
9 17.63 119.38 26.74 7.07 131.81 34.74
10 14.10 113.39 38.83 — — —
11 9.35 74.37 25.63 33.21 118.88 40.48
12 4.78 91.25 26.81 7.00 121.58 37.74
30°
1 10.88 77.66 21.43 — — —
2 3.52 35.66 9.89 36.92 103.42 28.95
3 8.77 57.71 14.67 7.30 63.96 17.60
4 9.32 35.51 11.48 — — —
5 20.66 77.93 17.08 717 7151 21.37
6 22.78 97.36 23.23 13.50 90.00 25.79
7 6.52 128.62 33.74 — — —
8 9.71 123.35 30.74 9.78 194.20 52.45
9 14.25 104.34 23.85 7.37 128.54 3873
10 14.13 116.28 33.75 — — —
11 9.44 76.61 26.31 33.08 122.57 50.20
12 3.97 78.22 22.89 5.53 105.08 32.34

40 Volume 21, Number 1, 2006

COPYRIGHT © 2005 BY QUINTESSENCE PUBLISHING CO, INC.
PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.

NO PART OF THIS ARTICLE MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM

WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.



Caglar et al

Stress (MPa)

40+
35+
301
25+
201
154
101

54

0-

D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2

1 2

3

0o0°
m15°
m30°

4

design 2.

5 6 7 8 9 10 11 12
Nodes

Stress (MPa)

2501

200

150 A

100 A

50 1

ooe
m15°
m30°

1 2

3

-Dl D2D1D2D1D2D1D2D1D2D1D2D1D2D1D2D1D2D1D2D1D2D1D2

4

design 2.

5 6 7 8 9 10 11 12
Nodes

Stress (MPa)

60

50 1

40

301

201

10 A

ooe
m15°
m30°

1 2

3

-Dl D2D1D2D1D2D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2

4

design 2.

5 6 7 8 9 10 11 12
Nodes

The International Journal of Oral & Maxillofacial Implants

COPYRIGHT © 2005 BY QUINTESSENCE PUBLISHING CO, INC.
PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.

NO PART OF THIS ARTICLE MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM

WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.

Fig 8a VM stresses on vertical loading at
selected nodes (MPa). D1 = design 1; D2 =

Fig 8b VM stresses on oblique loading at
selected nodes (MPa). D1 = design 1; D2 =

Fig 8¢c VM stresses on horizontal loading at
selected nodes (MPa). D1 = design 1; D2 =
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Evaluation of VM Stresses Occurring on
Implants with Oblique Loading

VM stresses were concentrated at the neck region of
the implants. The highest stress value observed was
around 194.2 MPa on the buccal side of the Pm?
implant for the second design.VM stresses formed at
the buccal and palatinal sides of the implant were
much higher compared to those mesial and distal to
the implant. While there was an increase in stress
because of the inclination distally to the implant in
the molar region, a decrease was observed at the
buccal and palatinal sides. According to the first
design, 3 times more stress was observed mesially at
the implant embedded in the premolar area for the
second design. At the buccal and palatinal sides of
the implant, stress increased 1.5 times (Table 2 and
Fig 8b).

Evaluation of VM Stresses Occurring on
Implants With Horizontal Loading

For horizontal loading, stress patterns were similar to
those seen with oblique loading. Stress values were 3
times less than for oblique loading. The highest
stress levels were confirmed buccally and palatinally
at the neck of the implant embedded in the Pm? area
for the second design at about 50 MPa (Table 2 and
Fig 8¢).

DISCUSSION

In the present study, a 3D model for maxillary bone
was formed. Investigations and reports on 3D maxil-
lary models are few. The complexity of the anatomy
of maxillary bone compared to mandibular bone is
an important factor.

It has been reported that more successful conclu-
sions can be reached with FEA with ideal modeling of
the anatomic structure.® There should be at least
30,000 to 200,000 elements and nodes. In this case,
the size of the element must be 150 to 300 um. It has
been reported that deceptive results can be obtained
if the element size is larger than 300 um.'>'¢ A total of
253,212 elements were used in this study.

Lekholm and Zarb classified bone quality in a
study performed in 1985."7 Jaffin and Berman'®
reported that type 3 bone is dominant in the anterior
and premolar areas of the maxillary bone in both
sexes. They found type 4 bone at the molar site but
not bone of types 1 or 2. Lekholm and Zarb’s basic
system of classification has been used in various
investigations.'®-2'

In this study, the implant was embedded in the
molar area at a distance of 1 mm from the sinus base.
The molar implant apex moves away from the sinus

42 Volume 21, Number 1, 2006

as the angle increases. Smith and Zarb?? have
emphasized the need to avoid harming the maxillary
sinus, mandibular canal, and nasal cavity base in
implant practice. In their investigation evaluating the
clinical success of implant practice, they observed a
failure rate of 30% for implants penetrating the sinus
and the nasal cavity over 5 years.

In the present study, loading was applied from the
regions where functional cusps of the mandibular
teeth were in contact with maxillary teeth in a
cusp—-marginal ridge relation. In this way, loading can
be transmitted parallel to the longitudinal axis of the
implant. To provide this, reduction of the height of
the palatinal contour and palatinal cusp is advised. It
has been reported that occlusion can be obtained by
a crossbite relationship in the cases of advanced
bone resorption.?>-?

In the present study, VM stresses formed on
implants were evaluated. VM stress values are impor-
tant criteria for ductile materials such as metal. VM
stresses are relevant to the distortion energy responsi-
ble for plastic deformation.VM stress is used to define
the yield point. When the yield point is overcome,
material cannot behave elastically, and permanent
deformation takes place.'3?

In this study, VM stress values and areas on
implants were evaluated. The lowest stress values
were seen for vertical loading, and the highest values
for oblique loading. Stresses were concentrated at
the contact areas of implants with cortical bone at
each of 3 loading angles. At the same time, stresses
formed at the buccal and palatinal sites of the
implant in the molar region were concentrated dis-
tally because of the inclinations. For vertical loading,
stresses at the neck of the implant in the premolar
region increased 3.5 times with the second design
over the first design and 2 times the oblique and
horizontal loading. The highest VM stress formed on
titanium with oblique loading was in the level of
194.2 MPa. Stress values obtained did not reach the
endurance limit of titanium.

Clelland and associates?” determined the highest
stress levels to be at the neck region of the implant
just underneath the bone crest. They have pointed
out that the highest stresses at the implant were in
the range of titanium’s endurance limit (259.9 MPa).
They also mentioned that normal occlusal forces did
not cause fatigue of the metal. In their study, stress
values at sites mesial and distal of the bone sur-
rounding implants were lower than those at buccal
and lingual sites.

White and colleagues?® proposed that the highest
stress values for cantilever usage are obtained in cor-
tical bone distal to the distal implant for all cantilever
lengths. If only 2 implants are to be used, a cantilever
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design should not be a choice. Stress doubles on the
implant adjacent to the cantilever for a 3-unit pros-
thesis when 2 implant supports and a cantilever
extension are used.Two implants cannot avoid a pos-
sible bending moment. Therefore it is important to
evaluate the patient’s functional habits.>223°

Van Zyl and coworkers3' reported an increase in
VM stresses for implant lengths exceeding cantilever
length by 15 mm.They also emphasized that stresses
formed buccally and lingually in the cortical bone
surrounding implants were greater than those
formed mesially and distally.

Iplikcioglu and Akca' have evaluated the effect
of buccolingual inclination in implant-supported fixed
prostheses applied to the posterior mandibular region
by 3D FEA. Inclination increases the stresses on corti-
cal bone, and the highest stress levels are developed
with designs involving cantilevers.

In the present study, an increase in stresses on
implants was found to be related to implant inclina-
tion in the molar region. A significant increase in
stress on the implant embedded in the premolar
region with the cantilever design was seen com-
pared with the conventional prosthesis design.

CONCLUSION
The following results were obtained:

1. The lowest stress values were found for vertical
loading, and the highest values for oblique loading.

2. VM stresses were concentrated at the implant-
cortical bone contact areas for each of 3 loading
angles. The values obtained at the necks of the
implants were greater for buccal and palatinal
sites than for mesial and distal sites.

3. Because of inclination, stresses induced at the
buccal and palatinal sites of the implant in the
molar region were concentrated distally.

4. For vertical loading, stresses at the neck of the
implant in the premolar region were increased 3.5
times more with the second design than with the
first design and 2 times more than for oblique and
horizontal loadings. In the cantilever design, VM
stresses increased greatly on the implant adjacent
to the cantilever.

5. The highest VM stress value obtained in the study
was about 194.2 MPa under oblique loading. This
value did not exceed the endurance limit of pure
titanium, which is 259.9 MPa.
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