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Purpose: The aim of this study was to investigate the stress distribution in mandibular bone supporting
a single or separate multiple implant-retained superstructures. Materials and Methods: Three-dimen-
sional finite element models consisting of the mandibular bone, 8 implants, and 1 or more superstruc-
tures were created. Vertical and oblique loads were directed onto the occlusal areas of the superstruc-
tures to simulate the maximum intercuspal contacts and working contacts, such as the
canine-protected and group function occlusion. Results: The unseparated 1-piece superstructure gen-
erated the lowest maximum equivalent stresses in the peri-implant bone, followed by the 2-piece
superstructure separated at the midline. For the 3-piece superstructure, which was separated between
the canine and the premolar, the maximum stress was lower when the canine on the working side was
loaded than when the posterior teeth were loaded. Discussion: Separating the 1-piece superstructure
into 2- to 4-piece superstructures increased the mechanical stress around supporting implants. Canine
load on the working side is distributed well in 1-piece and 3-piece superstructures. Conclusion: Based
on the results of this finite element model study, canine protected occlusion is recommended for 1-
piece and 3-piece superstructures. The unseparated superstructure was more effective in relieving
stress concentration in the edentulous mandibular bone than the separated superstructures. INT J
ORAL MAXILLOFAC IMPLANTS 2005;20:578-583
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he use of osseointegrated implants as abutments
for fixed complete dentures (FCDs) is a prospec-
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tive treatment procedure designed to improve the
masticatory function of completely edentulous
patients, especially for those who are dissatisfied
with their removable dentures."** FCDs have mostly
been produced as 1-piece superstructures with distal
cantilevers supported by anterior implants. Even
though the applicability of implants placed in the
molar region has increased by virtue of innovative
materials and techniques, including shorter implants,
bone grafts, and lateralization of the alveolar
nerve,” 8 1-piece superstructures remain the first
choice when designing implant-retained prostheses.

On the other hand, in long-term maintenance, it is
essential to manage the possible risks of mechanical
or biologic problems in a few among several
implants, or local failures in long-span superstruc-
tures. Lekholm and associates® reported that after 10
years of clinical follow-up, the cumulative survival
rate for original prostheses was 86.5%, compared to
the overall implant survival rate of 92.6%. A remake
of the entire superstructure because of local failures
may consume considerable amounts of both the
patient’s and the clinician’s time, energy, and eco-
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nomic resources. Multiple superstructures or fixed
partial dentures (FPDs) allow the damaged part of
the prosthesis to be replaced while the undamaged
parts are retained, minimizing the costs of repair.

Separating the superstructure into small pieces
has reportedly had some negative effects on stress
concentrations around implants in the bone.10"
However, these study designs were limited to unilat-
eral short-span superstructures and parts of the
mandible supporting a small number of implants. An
excessive stress concentration might facilitate bone
resorption under the functional occlusal loadings,
thus compromising the longevity of the
implants.’>"'* The effects of separating FCDs into
multiple FPDs on the whole mandibular bone have
not been sufficiently assessed in relation to the site
and the direction of the occlusal loadings.

The purpose of this study was to investigate the
effects of separating a 1-piece, implant-supported
superstructure into multiple FPDs on stress distribu-
tions in the edentulous mandibular bone under sim-
ulated occlusal loadings. In addition, the optimal
working side contact scheme for suppression of the
maximum stress in the bone with reference to the
site of the separation was assessed.

MATERIALS AND METHODS

Finite Element Models
Four 3-dimensional finite element models were cre-
ated (Ansys 7.0, Ansys, Canonsburg, PA) in this study.
Each model consisted of the mandibular bone, 8
osseointegrated implants, abutments, and 1 of 4
superstructures (Figs 1a and 1b). The bone was mod-
eled as a cancellous core surrounded by a 1.5-mm-
thick cortical bone. The widths of the mandible on
the horizontal plane at the upper one-third and two-
thirds levels were 11.0 mm and 11.5 mm at the
incisor region, 11.0 mm and 14.0 mm at the canine
region, 11.0 mm and 11.5 mm at the first premolar
region, and 13.0 mm and 14.0 mm at the second
molar region, respectively. The heights of the
mandible at the same regions were 30 mm, 30 mm,
28 mm, and 26 mm, respectively. In each model,
cylinders 4 mm in diameter and 10 mm in length
were embedded as dental implants at the missing
central incisor (l), canine (C), first premolar (P), and
first molar (M) locations on both sides of the arch.
The 1-piece horseshoe rim was 8 mm in height and
5 mm (anterior region) to 6 mm (posterior region) in
width. This was assumed to be a superstructure in the
form of a FCD and was used in Model 1P.The 2-piece
superstructure was created by separating the FCD at
the midline (Model 2P). The 3-piece superstructure

Fig 1a The finite element model of the mandibular bone and
the implants with their dimensions in millimeters. The capital let-
ters indicate the locations of the implants (I = central incisor, C =
canine, P = first premolar, M = first molar).

Model 1P

Model 3P

Model 4P

Fig 1b  The superstructures used in the models. Model 1P was
the 1-piece superstructure (the blue rim in Model 1P); the 2-piece
superstructures separated between the central incisors (light and
dark green rims in Model 2P); the 3-piece superstructures sepa-
rated between the canine and the first premolar on both sides
(red, light green, and dark green rims in Model 3P); and the 4-
piece superstructures separated between the central incisors
and between the canines and the first premolars (light green,
dark green, orange, and yellow rims in Model 4P).

was made by separating the FCD between the canine
and the premolar on both sides (Model 3P). The 4-
piece superstructure was constructed by separating
the FCD at the midline and between the canines and
premolars (Model 4P). It was assumed that each
superstructure did not mechanically affect the others
at the proximal contacts.

Material Properties and Meshing

All materials were considered to be homogeneous,
isotropic, and linearly elastic. Poisson’s ratio (v) and
Young's modulus (E) were 0.3 and 14.7 GPa for the
cortical bone, 0.3 and 0.49 GPa for the cancellous
bone, and 0.33 and 117 GPa for the implants and the
FCDs, respectively.’ 17 The interfaces between the
materials were assumed to be bonded or osseointe-
grated. Each model was meshed by elements deter-
mined by 8 nodes in the tetrahedral bodies. Each
model consisted of approximately 71,500 elements
and 16,700 nodes (Fig 2).
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Fig 2 The meshed model with the loading and boundary condi-
tions. The red arrows indicate the vertical and off-axis oblique
loads on the occlusal surface of each artificial tooth position. For
the IPv and IPo conditions, each red arrow indicates a load of 20
N (anterior region) or 40 N (posterior region) on an individual
tooth location. A red arrow indicates a load of 15 N on the right
canine for the CP, and a load of 5 N on each of the 3 right poste-
rior teeth in the GF. The yellow triangles represent the fixation at
the inferior surface of the mandible.

Loading and Boundary Conditions
Static loads were applied on the occlusal surfaces of
selected teeth positions. These positions were
located in the occlusal rims and were assumed to be
opposing a fully dentate or fully restored maxilla. As
with the maximum intercuspal contacts, 2 loading
conditions were simulated (simulations IPv and IPo).
In simulation IPv, a vertical load of 20 N was simulta-
neously directed on an occlusal area of each of the
central incisors, lateral incisors, and canines, and a
vertical load of 40 N was directed on each of the first
and second premolars and the first molars. In simula-
tion IPo, a vertical load of 20 N was directed on the
incisors, and an oblique load of 20 N for each canine
and 40 N for each premolar and first molar were
directed 30 degrees buccal from the vertical. These
loads were based on a previous study that reported
the maximum bite forces of subjects with fixed cross-
arch prostheses in natural dentition.'®

Two patterns of working side contacts in the lat-
eral excursion of the mandible were simulated. In the
canine protected occlusion simulation (simulation
CP), an oblique load of 15 N was loaded on the right
canine 60 degrees lingual from the vertical. In the
group function occlusion simulation (simulation GF),
an oblique load of 5 N was loaded simultaneously on
each of the right premolars and the first molar (total
15 N) in the same direction as simulation CP (Fig 2).

No displacement of the outer surface of the lower
third of the mandibular bone was prescribed to sim-
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ulate the support of the masseter and medial ptery-
goid muscles that attach to the outside and inside of
the mandible angle. The von Mises’ equivalent stress
distributions in the bone were calculated for all the
models under all of the loading conditions.

RESULTS

Simulation IPv

In all of the loading conditions, there were no notice-
able differences in the stress distributions among the
models (Figs 3a and 3b). In the cortical bone, the
highest maximum equivalent stresses were observed
around the implant at the first molar location
(approximately 4.0 MPa). The lowest maximum
stresses were detected around the incisor implants
(1.0 MPa). The maximum stresses in the cancellous
bone were observed in the apical region of the
implants. The stresses were considerably lower than
those in the cortical bone, with the highest value
being 0.5 MPa in the model 4P at the first molar
implant.

Simulation IPo

Similar to simulation IPv, the highest maximum
stresses in the bone in simulation IPo were observed
in the cervical region at the molar implants (Figs 4a
and 4b). However, there were clear differences in the
stress among the models. The maximum stresses
were lowest for model 1P for all locations. The high-
est maximum stress was recorded in the region adja-
cent to the molar implant in model 4P (13.8 MPa). In
Model 2P, the stress was relatively insensitive to the
implant location. The largest differences in stress
were found among the implants in Model 3P, where
the highest stress at the molar location (12.4 MPa)
was approximately 6 times greater than that at the
incisor location (1.9 MPa).

Simulation GF and CP

Model 1P demonstrated the lowest maximum stress
among the models. The highest maximum stress
value noted for this model was 1.3 MPa in the lingual
cervical region of the right molar during simulation
GF. In model 2P, the maximum stresses were highest
at the right incisor during simulations CP and GF (1.8
MPa and 1.4 MPa, respectively), while the other
implants on the right side indicated a relatively equal
stress levels of approximately 1.0 MPa. In model 3P,
the highest maximum stress was observed in the
right premolar vicinity under simulation GF (2.8 GPa,
2.0 GPa in the right canine vicinity under simulation
CP).In model 4P, slightly higher maximum stress was
observed in the right canine vicinity under simula-
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Fig 3a The contour graphic indicates the equivalent stress dis-
tribution in the cortical bone of model 1P under simulation IPv.
The places where the stress was at its maximum (MX) and mini-
mum (MN) are indicated.

Fig 4a The contour graphics indicate the equivalent stress dis-
tributions in the cortical bone for all the models under simulation
IPo.
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Fig 3b The maximum equivalent stresses in the cortical bone
around the implants for all the models under simulation IPv. M =
molar; P = premolar; C = canine; | = incisor.

tion CP (2.8 GPa) than in the right premolar vicinity
under simulation GF (2.4 GPa) (Figs 5a and 5b).

In the cancellous bone, maximum stress data were
excluded from the graphs because they were consider-
ably lower than the data registered in the cortical bone
in all the models under all the loading simulations.

DISCUSSION

The results of this study indicated that the use of a 1-
piece FCD was effective in suppressing stress in the
bone when it was subjected to oblique occlusal
loads. These results are partially in agreement with a
previous study'® in which stresses in a small segment
of the mandibular bone with 2 crowns and 2 implants
were analyzed.The results of that study indicated that
splinted FPDs generated approximately half of the
maximum stress of the separated superstructures.
The relatively low maximum stress recorded in the 1-
piece FCD in the present study might be attributed to

©
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Fig 4b The maximum equivalent stresses in the cortical bone
around the implants for all the models under simulation IPo.

the superior load transferring ability of the structure.
It is speculated that in the IPo condition, a horizontal
component of the load, which could potentially
induce harmful stress in the bone,'?2° was offset by
loads on the other locations in the broad 1-piece
superstructure. However, a similar amount of com-
pensation could not be expected in the separated
superstructures.

In the cancellous bone, maximum equivalent
stress was shown near the apical region of the
implants. Significantly lower stresses were observed
in the cancellous bone than in the cortical bone. This
might be the result of the stress-transferring mecha-
nism that occurred in the implant-bone complex. It is
possible that the stresses induced by the occlusal
loads are initially transferred from the implant to the
cervical bone, while the small amount of remaining
stress is spread to the cancellous bone at the apical
region. It is also possible that higher stress values
were observed in the cortical bone because cortical
bone has a higher modulus of elasticity compared to
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Fig ba (Above) The contour graphics indicate the equivalent
stress distributions in the cortical bone for all the models under
simulations CP and GF.

Fig 5b  (Right) The maximum equivalent stresses in the cortical
bone around the implants for all the models under simulations
CP and GF.

cancellous bone?' and thus greater ability to transfer
stress. The results of the present study corresponded
to previous in vitro and in vivo studies??-26 that have
demonstrated bone loss is initiated in the region
around the implant neck.

In regard to the working side contacts in the lat-
eral excursion of the mandible, Wismeijer and associ-
ates?” advocated that mandibular implant-retained
FCDs should include group-function or mutually pro-
tected occlusion when the opposing maxilla was
fully dentate. However, the results of this study indi-
cated that the maximum stress generated by the 1-
piece FCD was lower for the simulated canine-pro-
tected occlusion than for group-function occlusion.
Since the bone model was wider in the posterior sec-
tion than the anterior, it was assumed that the stress
generated by the loads on the posterior teeth was
well distributed and relieved by the larger volume of
the bone, which then resulted in a lesser stress con-
centration. The conflicting results might be related to
the fact that a single canine load was distributed well
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to the anterior and posterior implants nearby, while
the posterior loads were predominantly supported
by the posterior implants. It might also be related to
the rigid structure of the anterior part of the bone,
which has a U-shaped curvature in the midsection of
the mandible.

In model 3P, in which the superstructure was sepa-
rated between the canines and the premolars, the
maximum stress was lower in simulation CP (2.0 MPa,
at the canine implant) than in simulation GF (2.8 MPa,
at the first premolar implant). This result may be
explained by the fact that the anterior segment of
the superstructure was supported by more implants
(n = 4) than the posterior segment (n = 2). The rigid
U-shaped alignment of the anterior implants might
also have caused a reduction in the maximum stress
induced by loading the canine. Considering the 3-
piece superstructure, to avoid the potentially harmful
stress peak in the posterior region of the bone,
canine-protected occlusion for the working side con-
tacts can be recommended. Model 2P, which was sep-
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arated at the midline between the central incisors,
demonstrated a relatively even stress distribution in
the working side of the implant vicinity without any
sensitivity to the working-side occlusal scheme.
Because model 2P consists of unilateral superstruc-
tures supported by implants that are linearly
arranged without the rigid U-shaped anterior align-
ment, a sufficient amount of anterior bone volume is
desirable if the model 2P superstructure design is
considered for use.When the superstructure was split
at the sites between the canines and the premolars in
addition to the midline separation (model 4P), a rela-
tively high stress peak appeared in the canine
implant under the CP, or at the posterior implants
under the GF, which suggests a difficulty in the reduc-
tion of the maximum stress with this model.

CONCLUSIONS

According to this investigation, the 1-piece super-
structure was more effective in relieving the stress
concentration in the edentulous mandibular bone
than were the separated superstructures. When plan-
ning to use a 1-piece FCD separated into 3 pieces as in
the present study, canine-protected occlusion is rec-
ommended. The 2-piece superstructure separated at
the midline created a relatively even stress distribu-
tion on the working side of the implant vicinity with-
out a sensitivity to the working side occlusal scheme.
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