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Clinical studies have reported high success rates
in partially edentulous patients treated with

implant-supported fixed partial prostheses1–5; how-
ever, they also have reported variable rates of failure.
Implant failure is reported to be caused by poor oral
hygiene,6–8 biomechanical factors,6,7,9–12 poor bone

quality,1,3,13 and medical status of the patient.14,15 To
reduce failure rates, appropriate management of
these factors is required.

The importance of biomechanical factors has been
stressed by various authors.16–18 The biologic
response of bone to mechanical loads affects implant
longevity.12 Animal experiments and clinical studies
have shown that, in the absence of plaque-related
gingivitis, bone loss around implants is associated
with unfavorable loading conditions.5,6,19–21 Since
load is transferred to bone through prosthesis and
implant, careful planning and execution of the pros-
thesis is an important factor in achieving appropriate
stress distribution in the bone.18

Recently, stress distribution in bone correlated
with implant-supported prosthesis design has been
investigated mainly by means of two-dimensional
(2D) and three-dimensional (3D) finite element
analyses (FEAs). Studies comparing the accuracy of
these analyses found that, if detailed stress informa-
tion is required, then 3D modeling will be neces-
sary.22 Results of 3D FEA were compared with in
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The three-dimensional finite element analysis method was used to assess stress in bone around titanium implants
using three treatment designs for a partially edentulous mandible, under axial (AX), buccolingual (BL), or
mesiodistal (MD) loads. For each of these loads, highest stress was calculated in the model with a cantilever pros-
thesis supported by two implants (M2). Less stress was found in the model with a conventional fixed partial den-
ture on two implants (M3), and lowest stress was calculated in the model with three connected crowns supported
by three implants (M1). When BL load was applied to M3, cortical bone stress was high, comparable to that cal-
culated for M2 under the same load. When AX or MD load was applied to M3, the cortical bone stress was low,
similar to that found in M1 under each of these loads.
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vivo strain-gauge measurements23 and with in vitro
experimental setups.22 In both studies, the results of
the 3D FEA matched the experimental measure-
ments in tendency. The 3D FEA is considered an
appropriate method for investigation of the stress
throughout a three-dimensional structure, and it was
selected for bone stress evaluation in this study.

Marginal bone resorption was reported6 and pre-
dicted24,25 for implant-supported full-arch prostheses
with long cantilever arms. Marginal bone loss was
correlated with the high bone stress calculated for
the cantilever full-arch prostheses.16,23,25,26 Several
3D FEAs investigated bone stress around implants
supporting full-arch prostheses.23,26–29 In contrast,
only a few 3D FEAs were performed on models with
fixed partial prostheses supported by implants.30,31 In
these studies, models of fixed prostheses in which
two missing teeth were replaced in the posterior
mandible were employed to analyze the effect of
tooth-to-implant connection on bone stress. In clini-
cal practice, three-unit prostheses with or without
cantilever extensions and supported by free-standing
implants are also used in partially edentulous
mandibles. However, no 3D FEA bone stress analy-
ses were reported for these prosthesis designs.

In this study, a 3D FEA was conducted to com-
pare the stress distribution in a mandibular posterior
segment restored with different types of three-unit
prostheses and supported by free-standing implants.

Materials and Methods

Model Design. A mandibular segment with
implants and superstructure was modeled on a per-
sonal computer (PC-H98, NEC, Tokyo, Japan), using
a finite element program (Ansys 5.0, Swanson
Analysis System, Houston, PA). The number of
implants and type of superstructure varied according
to the model, as follows:

• Model 1: Three implants supporting three 
connected crowns (M1) (Fig 1a)

• Model 2: Two implants supporting a cantilever
prosthesis (M2) (Fig 1b)

• Model 3: Two implants supporting a convention-
al fixed partial denture (M3) (Fig 1c)

The bone was modeled as a cancellous core sur-
rounded by a 2-mm-thick cortical layer, except in the
upper part, where the cortical layer was flattened to
obtain 1 mm of thickness (Figs 2a and 2b). For
implant longevity, it is important to maintain at least
1 mm of bone buccally and lingually at the implant
neck.32 In this study, bone plates of at least 1.16 mm
in width were modeled in those regions.

Titanium implants and abutments were modeled
using a 16.5-mm-long, 4-mm diameter cylinder.
Thirteen millimeters of this cylinder corresponded to
the implant, 10 mm of which were buried in the
bone. These dimensions approximate those of the 10-
mm-length bone-anchorage implant and the 3.5-mm-
high abutment from the ITI system, but the geome-
try of both components was simplified to that of a
cylinder. A gold framework and a 1.5-mm-thick
porcelain veneer were applied over the titanium
abutments, so as to obtain a prosthesis measuring 8
mm in width and 6 mm in height (Figs 2a and 2b). A
simplified shape of the crowns was modeled.
Identical geometry of the superstructure was used in
all models to allow for comparison of the results (Figs
1a to 1c).

Material Properties. All materials used in the
models were considered to be isotropic, homoge-
neous, and linearly elastic. The elastic properties
used were taken from the literature (Table 1).

Interface Condition. To simulate ideal osseoin-
tegration, the implants, along their entire interface,
were rigidly anchored in the bone model. The same
type of contact was provided at all material interfaces.

Elements and Nodes. Models were meshed with
four-node tetrahedron elements. A finer mesh was
generated at the material interfaces to ensure accuracy
of force transfer. Mesh around the implant neck is
illustrated in Fig 3. The number of elements and
nodes in each model is as follows: 14,773 elements and
2,954 nodes in M1; 10,774 elements and 2,251 nodes
in M2; and 10,685 elements and 2,237 nodes in M3.

Constraints and Loads. Models were con-
strained in all directions at the nodes on the inferior
border of the bone surface, on one fifth of the bone
height. Direction and magnitude of the maximum
occlusal force show large variations.36 However, any
force can be resolved into three components along
convenient axes, and the effect of each component
can be individually assessed.11,16 In linearly elastic
materials, the effect of any force can be simply com-
puted if the effect of the unit force is known.
Therefore, unit-static loads (1 N) were applied to the
occlusal key point in the center of each prosthetic
unit (Figs 1a to 1c). The models were separately ana-
lyzed for the axial (AX), buccolingual (BL), and
mesiodistal (MD) load sets.

Solution. Analysis for each loading condition 
was performed by means of the Ansys software
program, which was run on a personal computer
with a pentium 133 MHz central processing unit.
The calculation time was about 3 hours for each
model. The von Mises stress26 (equivalent stress,
here abbreviated EQV) was used to display the
stress in the bone.
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Fig 1a Three connected crowns on three
implants (M1). 

Fig 1b Cantilever prosthesis on two implants
(M2).

Fig 1c Conventional fixed partial denture on
two implants (M3).

Figs 1a to 1c Three-dimensional finite ele-
ment models of a mandibular segment (corti-
cal and cancellous bone), implants, and fixed
partial prostheses. Unit forces (1 N) were
applied axially, buccolingually, and mesiodis-
tally, sequentially, to the center of each pros-
thetic unit.



Table 1 Elastic Properties Ascribed to Materials Used in the Models

Material Young’s modulus (GPa) Poisson’s ratio

Cortical bone33 15 0.3
Cancellous bone33 1.5 0.3
Titanium33,34 110 0.35
Gold alloy26 90 0.3
Porcelain*35 70 0.22

*For porcelain, elastic properties of glass were used.

Figs 2a and 2b Mesiodistal (top) and buccolingual (right) sec-
tions of M1. Three implants placed in a cancellous bone core
surrounded by cortical bone are supporting a fixed partial pros-
thesis (black = gold framework; gray = porcelain veneer).

Fig 3 Close-up view of the
meshed cortical bone in M1
(cancellous bone and implants
are not shown).
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Figs 4a to 4c Close-up view of the equivalent stress distribution in cortical bone in M1: (left) under
axial loads; (center) under buccolingual loads; and (right) under mesiodistal loads.

Figs 5a to 5c Close-up view of the equivalent stress distribution in cortical bone in M3: (left) under
axial loads; (center) under buccolingual loads; and (right) under mesiodistal loads.

Figs 6a to 6c Close-up view of the equivalent stress distribution in cortical bone in M2: (left) under
axial loads; (center) under buccolingual loads; and (right) under mesiodistal loads.

Fig 7 Maximum equivalent stress in cortical bone, in all the
models, under axial (AX), buccolingual (BL), and mesiodistal
loads (MD).

Fig 8 Close-up view of the equivalent
stress distribution in cancellous bone
(mesiodistal section) in M1, under axial
loads.
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Results

Stress distribution in the cortical bone is exhibited
using different scales, enabling comprehensive dis-
play of stress concentration in each case. Regardless
of model and load direction, highest stress was con-
centrated around the implant neck.

In both M1 and M3, the EQV distribution in the
bone was orthogonally symmetric (Figs 4a to 4c and
5a to 5c).

In both M1 and M3, AX loads acted along the
longitudinal axis of the implant and perpendicular to
the long axis of the bone. They caused bone com-
pression at the implant bottom and shear stress at the
lateral interface of the implants. Prosthesis and
implants were displaced in the vertical plane.

In both M1 and M3, BL loads perpendicular to
the long axes of the bone and the implant caused tilt-
ing of the prosthesis and implants towards the lin-
gual, yielding compressive and tensile stresses in the
cortical bone around implants, on the lingual and
buccal sides, respectively.

In both M1 and M3, MD loads parallel to the
longitudinal axis of the bone and perpendicular to the
implant axis caused a rotation of the prosthesis and
implants in the vertical plane, yielding compressive
and tensile stress in the cortical bone distally to the
distal implant and mesially to the mesial implant,
respectively.

In M2, stress was mainly concentrated around the
distal implant under AX and BL loads (Figs 6a and
6b). Under AX loads, the cantilever pontic tended to
rotate the prosthesis in the vertical plane. Under BL
loads, in addition to the tilting towards the lingual, a
rotation in the horizontal plane occurred as an effect

of the load applied to the cantilever pontic. Under
MD loads, displacement type and stress distribution
were similar to those in M1 and M3, but the values
were different (Fig 6c).

Maximum EQV in the cortical bone for all investi-
gated models is shown in Fig 7. This graph enables
comparison of the maximum EQV in the same model
for different loading conditions and among different
models for the same loading condition. In all models,
stress was highest under BL loads and lowest under
AX loads. Maximum EQV in the cortical bone
decreased in the following order: M2, M3, and M1.
The ratio between M1:M2:M3 was 1:2.9:1.2 under
the AX loads; 1:1.9:1.6 under the BL loads; and
1:1.6:1.1 under the MD loads. Under BL loads, stress
in M3 was high, comparable to that in M2 and much
higher than that in M1; but under AX and MD loads,
stress in M3 was low, similar to that in M1.

Stress distribution in the cancellous bone is shown
in Fig 8. Under AX loads, highest stress was concen-
trated apically, especially in the buccal and lingual
bone plates. However, under BL and MD loads,
highest stress was calculated in the neck region.

Maximum EQV in the cancellous bone for all
investigated models is displayed in Fig 9. The ratio
between maximum EQV for M1:M2:M3 was
1:2.2:1.2 under the AX loads; 1:1.8:1.2 under the BL
loads; and 1:1.6:1.0 under the MD loads. The stress
values reached only about one tenth or less of the
corresponding values in the cortical bone. Despite
this quantitative difference, qualitative similarity is
evident (Figs 7 and 9).

Discussion

This study used the 3D FEA method to compare the
stress distribution in a mandibular posterior segment
with implants supporting three different types of
fixed prostheses (M1, M2, M3). Result accuracy of a
3D FEA relies on the precision of the simulation
model. In a comparative analysis such as this, com-
plex reality can be simplified assuming that propor-
tions and relative effects accurately reflect reality.27

In this study, a segment of bone was modeled to
simulate the posterior region of the mandible. Its size
was chosen so that the end effects (stress extended to
the ends of the bone segment) should not impinge on
the results at the region of interest. Sato et al37

reported, in a 3D FEA study, that variations in the
bone stress around an implant were negligible if the
length of bone between implant and segment end
was at least 4.2 mm. Since, in the present study, this
length was 11 mm, and even longer at the distal end
in M2, the end effects were considered to be negligi-
ble and did not alter the results.

Fig 9 Maximum equivalent stress in cancellous bone, in all
the models, under axial (AX), buccolingual (BL), and mesio-
distal (MD) loads.
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Loads were applied to the occlusal surface of the
superstructure, and constraints were applied to the
inferior border of the bone. When loading and
boundary conditions were set up, forces and reac-
tions during occlusion were taken into consideration.
Physiologically, occlusal forces are generated by the
masticatory muscles, and they produce reactions at
the temporomandibular joints and at the occlusal bite
point, where the movement of the mandible is
restrained.36 These physiologic conditions could be
approximated by simulating the whole mandibular
body, but since that would be elaborate and time
consuming, smaller models are proposed. Meijer et
al27 reported in a 3D FEA study that similar results
were obtained when the entire mandible was mod-
eled, with loading and boundary conditions approxi-
mating the physiologic ones and with simulation of
only the interforaminal region.

In the present study, loads and restraints were sim-
plified since only part of the mandible was modeled.
Although this simplification could be expected to
bring about quantitative changes in the results, it was
not expected to influence them qualitatively. The loca-
tion of loads (force) and restraints (reaction) was
reversed from that of the real situation, but this rever-
sal should not have significantly affected the results,
since a force and its reaction have the same value.

Unit forces were used to calculate the stress in
bone. Since all the materials in the models were lin-
early elastic, the stress increased proportionally with
the load. It would be tempting to use the results of
this study to deduce the maximum bone stress for
physiologic loads for each prosthesis type; however,
for the convenience of the analysis, material proper-
ties, loads, boundary, and interface conditions were
simplified in the model. The bone was considered to
be linearly elastic, homogeneous, and isotropic, and
the implants were considered to be rigidly bound to
the bone over their entire surface. Since the reality is
more complex than this simulation,38–40 a qualitative
comparison among models is advisable rather than
focusing on quantitative data from FEA.30 The pre-
dictions of FEAs are reliable for the proportions
between stress values.27 Therefore, the results were
reported as ratios between the maximum EQV in
bone for the three prosthesis types, which allowed
for comparison between the models.

The results of this analysis concur with findings of
other studies that used different investigation meth-
ods; therefore, the model employed in this study is
considered to satisfactorily simulate reality.

The tendency of stress concentration around the
implant neck, which was evident in all of the models
(Figs 4 to 6), is consistent with other results from
FEA of loaded implants, as well as with findings from

in vitro and in vivo experiments and clinical studies,
which demonstrated bone loss initiating around the
implant neck.10,19,41–43

Under AX and MD loads, stress in M1 (Figs 4a
and 4c) and M3 (Figs 5a and 5c) was higher in the
cortical bone mesially to the mesial implant and dis-
tally to the distal implant than it was between
implants. In M1, stress around the central implant
was lower than that around the other implants. In lin-
early elastic materials, stress values correspond to the
gradient of displacement, namely deformation.
Because the implants were rigidly anchored into the
bone and the bone volume between implants was
rather small, the bone between implants, along with
the implants, was almost uniformly displaced. Thus,
this small bone deformation resulted in a low stress
in the bone between implants. For the same reason,
lower stress was found around the central implant in
M1. In contrast, at the mesial part of the mesial
implant and at the distal part of the distal implant,
the surrounding bone volume was large, and it
opposed a higher resistance to the action of the loads.
Therefore, the bone close to the implants was more
displaced than that located further away, and higher
stress was concentrated near the implants.

Under AX and MD loads, bone around the central
implant in M1 bore only a small amount of stress
compared with bone around the other two implants
(Figs 4a and 4c). Thus, the absence of the central
implant in M3 did not strongly influence the maxi-
mum EQV, and similar values were found for M1 and
M3 under AX and MD loads (Fig 7). However, under
BL loads, bone around the central implant in M1
bore a degree of stress comparable to that around the
other two implants (Fig 4b). Therefore, the absence
of the central implant in M3 determined substantial
augmentation of the maximum EQV compared to the
value in M1 under BL loads (Fig 7).

In M2, the high stress around the distal half of the
distal implant, which was found under AX loads,
resulted from both the rotation in the vertical plane
and the load applied to that implant. The rotation
acted so as to extract the mesial implant, but this
action was canceled by the AX load applied to that
implant. Thus, almost no stress was found around the
mesial implant (Fig 6a). Under BL loads, the defor-
mations that occurred as a combined effect of the
rotations in the transversal and horizontal planes
yielded increased stress around the distal implant and
lower stress around the mesial implant (Fig 6b).

As predicted by Skalak,16 bone stress was higher
under lateral loads than under axial loads. The rota-
tion induced by the BL and MD loads was responsi-
ble for the higher values of the maximum EQV under
these loads (Fig 7). In all the models, higher bone
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stress was calculated under the BL loads than under
MD loads. This was the result of the larger gradient
of bone displacement under BL loads than under
MD loads. In light of the high stress calculated for
BL forces in each model, when planning and fabri-
cating a superstructure it is important to create an
occlusal shape that minimizes lateral force compo-
nents. The same principle should be considered dur-
ing the occlusal adjustment.

This study used a 1:1:1 ratio for AX, BL, and MD
loads, respectively. However, intraorally, axial compo-
nents of occlusal forces are much larger than the
buccolingual and mesiodistal ones. For example, a
ratio of 5:2.5:1 was found during chewing by Graf44

and by Graf et al.45 Therefore, the ratios among stress
induced by AX, BL, and MD loads in each model will
differ proportionally from those calculated for unit
loads. Because axial force components are larger than
lateral ones, stress induced by axial loads may also
challenge the bone. This applies especially for the
cantilever model, where, in this study, the stress
caused by the axial loads was more than twice as great
as the corresponding stress in the other models.

The high stress calculated in M2 is in accordance
with the results reported for full-arch cantilever pros-
theses under one-point loading,16,23,25,26 and may rep-
resent a risk for the bone-implant interface.

The stress values and distribution in M3 may sug-
gest that in occlusions with predominant axial force
components, a conventional fixed partial denture sup-
ported by two implants could be an alternative treat-
ment, if anatomic or financial reasons limit the place-
ment of three implants. However, in occlusions with
large buccolingual force components, a conventional
fixed partial denture would induce high bone stress,
comparable to that from a cantilever prosthesis.

The present study focused on the influence of
prosthesis type (a main feature of prosthesis design)
on bone stress. The shape of implant and superstruc-
ture was simplified to reduce the factors that could
impinge on the results. A more refined geometry of
the model, various interface conditions, and different
prosthesis materials are factors that could possibly
influence bone stress.

Conclusions

A cantilever implant prosthesis (M2) may induce
high bone stress, while connected crowns supported
by three implants (M1) may induce low bone stress.
Furthermore, under three-point load with predomi-
nant axial components, a conventional fixed partial
denture supported by two implants (M3) may create
bone stress comparable to that calculated for con-
nected crowns supported by three implants (M1).

However, in occlusions with large buccolingual force
components, only the connected crowns supported
by three implants may minimize the harmful effect of
these loads.
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