
Effect of Framework Shape on the Fracture Strength
of Implant-Supported All-Ceramic Fixed Partial Dentures
in the Molar Region
Mitsuyoshi Tsumita, DDS, PhD,1 Yuji Kokubo, DDS, PhD,1 Per Vult von Steyern, LDS, PhD,2

& Shunji Fukushima, DDS, PhD1

1 Department of Fixed Prosthodontics, Tsurumi University School of Dental Medicine, Tsurumi, Tsurumi-Ku, Yokohama, Japan
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Abstract
Purpose: The aim of the present study was to clarify the effects of the shape of the
zirconium framework of implant-supported, all-ceramic fixed partial dentures (FPDs)
on the fracture strength and fracture mode.
Materials and Methods: This study consisted of mechanical strength testing and 3D
finite element analysis (FEA). The three framework shapes used in this study were: (1)
conventional shape (control); (2) convex shape: 1.0-mm curve in the direction of the
occlusal surface; and (3) concave shape: 1.0-mm curve in the direction of the gingival
surface. Five frameworks were made for each condition (total: 15). A load (N) was
applied until the FPD fractured. For FEA, a 3D model consisting of cortical bone,
cancellous bone, implant bodies, and superstructure was constructed.
Results: The results of the mechanical strength test showed that fracture load was
916.0 ± 150.1 N for the conventional shape, 1690.5 ± 205.3 N for the convex shape,
and 1515.5 ± 137.0 N for the concave shape. The mean final fracture load for the FPDs
with frameworks was the highest for the convex shape; however, a critical crack in the
veneer porcelain (736.5 ± 145.2 N) was confirmed during loading for the convex shape.
Stress distribution maps for all conditions showed that tensile stress was generated at
the veneer porcelain on the gingival side of the mesial and distal connectors of the
pontic; however, there were differences in the maximum value and stress distribution
within the framework.
Conclusion: The shape of the framework, particularly the shape of the pontic–
connector interface, affects the stress distribution, fracture strength, and fracture mode
of all-ceramic FPDs, and stress concentration inside a framework may induce cracking
of layering porcelain.

Due to superior esthetics and biocompatibility, all-ceramic
crowns have become more popular in clinical practice, and
many studies have demonstrated very favorable results.1-5 At
the same time, some studies have been conducted to evaluate
the clinical use of all-ceramic fixed partial dentures (FPDs);6-9

however, fractures of FPDs, in particular those originating on
the gingival side of the connector, have been reported. In gen-
eral, the use of many all-ceramic FPD systems is limited to the
anterior region and is not recommended for the molar region.

According to a study by Sorensen et al,6 fractures were found
in 7 out of 61 In-Ceram Alumina FPDs placed in the oral cavity
(21 FPDs in the anterior region, 19 in the premolar region,
and 21 in the molar region) before the 3-year recall. Of these
seven FPDs, five were placed in the molar region and two in the

premolar region; however, none of the anterior FPDs fractured.
In other words, 24% of the FPDs placed in the molar region
fractured over a 3-year period, indicating that caution must be
exercised when placing all-ceramic FPDs in this area.

On the other hand, Vult von Steyern et al7 clinically assessed
20 In-Ceram Alumina FPDs placed in the molar region over a
5-year period and reported that only two FPDs (10%) fractured.
Olsson et al8 also documented that the 5- and 10-year cumula-
tive survival rates for 42 In-Ceram Alumina FPDs (26 FPDs in
the molar region, including cantilevers) were favorable (93%
and 83%, respectively).

While there are several types of all-ceramic FPD systems,
most systems consist of a high-strength core material and highly
esthetic veneer porcelain. With the increased use of CAD/CAM
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in dentistry, there has been a shift in the type of core material
used from aluminum oxide (Al2O3) to zirconium oxide (ZrO2);
however, not many long-term clinical studies evaluating sys-
tems with ZrO2 frameworks have been performed. Suarez et al9

conducted a 3-year clinical evaluation of the In-Ceram Zirconia
system, the main component of which is Al2O3, and reported
no fractures in 18 posterior FPDs during the observation period.

To date, there is not sufficient clinical evidence for clinicians
to justify placing all-ceramic FPDs in the molar region. We
hypothesized that the shape of the all-ceramic FPD frameworks
affects the fracture strength. Hence, the objective of the present
study was to clarify the effect of the zirconium framework shape
of implant-supported all-ceramic FPDs on the fracture strength
and mode.

Materials and methods
This study consisted of mechanical strength testing and 3D
finite element analysis (FEA).

Mechanical strength test

Prior to the preparation of the all-ceramic FPDs for the me-
chanical strength test, a substructure consisting of abutments,
implants, and an acrylic block was prepared according to the
method reported by Vult von Steyern et al.10

Abutments (Procera Abutment CAD, Nobel Biocare, Gote-
borg, Sweden) were attached to implants (Brånemark Mk III,
.4×10 mm, Nobel Biocare) using abutment screws and were
fixed horizontally in holes prepared in an acrylic block (78-
mm wide, 8-mm deep, 19-mm high) using New Fujirock (GC,
Tokyo, Japan) die stone plaster. The distance between the im-
plants from center to center was 17 mm.

Based on the completed substructure, a superstructure was
made using the Cercon system (DeguDent, Hanau, Germany),
which is a CAM-aided, all-ceramic system. The three frame-
work shapes made of Cercon base used in this study were as
follows: (1) conventional shape (control); (2) convex shape:
1.0-mm curve in the direction of the occlusal surface; and (3)
concave shape: 1.0-mm curve in the direction of the gingival
surface (Fig 1). Five frameworks were made for each condition
(total: 15). Layering porcelain (Cercon Ceram S, DeguDent)
was applied to the frameworks to be used as specimens for
mechanical strength testing. The mesiodistal dimension of the
completed FPD was 26 mm and of the pontic was 8 mm; the
diameter of the framework connector was 3 mm. A completed

Figure 1 Shape of framework: (A) conventional shape; (B) convex shape (1.0-mm curve in the direction of the occlusal surface); (C) concave shape
(1.0-mm curve in the direction of the gingival surface).

FPD was carefully fixed to the substructure. According to Filser
et al’s method,11 the FPD was not cemented.

The specimens were mounted in the testing jig of a me-
chanical testing machine (Auto Graph AGS-5kND, Shimadzu,
Kyoto, Japan). A loading rod with a 2.0-mm radius tip was
positioned in the center of the occlusal surface of the pontic,
and a load (N) was applied at a crosshead speed of 0.5 mm/min
until fracture (Fig 2). The load and time elapsed until specimen
failure were recorded.

The fracture load was the maximum load in the resulting
load-time curve diagram. Also, the initial crack load was the
first significant load confirmed during flexure on the curve di-
agram before reaching the maximum load. The mean fracture
load and initial crack load were calculated (SPSS 10.0.7J, SPSS,
Chicago, IL). One-way ANOVA was applied to statistically de-
termine significant differences. The significance level was es-
tablished at a p-value <0.05. Differences between groups were
identified with Tukey’s test.

After the mechanical strength testing, scanning electron mi-
croscopic (SEM) analysis (JSM-T300, JEOL, Tokyo, Japan)
was conducted on the surfaces of the fractured conventionally-
shaped specimens. Specimens were gold sputter-coated (Quick
Auto Coater SC-701AT, Sanyu Denshi, Tokyo, Japan) prior to
SEM analysis.

Finite element analysis

Two types of models for analysis were prepared: fully assem-
bled models including supporting tissue (cortical bone, cancel-
lous bone, and implant bodies), and localized models that did
not include the supporting tissue; in this case, the model was
limited to the cervical area of the abutment neck.

Analyzing models

An implant-supported, 3-unit FPD was designed to be placed in
the first premolar and first molar region of a patient with miss-
ing lower left molars, and a 3D model consisting of cortical
bone, cancellous bone, implant bodies, and implant prostheses
was constructed (Fig 3). Brånemark Mk III .4×10 mm im-
plant bodies were used with Cercon system prostheses. The
mesiodistal dimension of the FPD was 26 mm, the intercenter
distance of the implants was 17 mm, the mesiodistal dimension
of the pontic was 8 mm, and the diameter of the framework
connector was 3 mm. These parameters were the same as for
the mechanical strength test.
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Figure 2 Mechanical strength test. A loading
rod was positioned in the center of the
occlusal surface of the all-ceramic pontic and
loaded until fracture occurred.

Figure 3 Analysis models. The analysis models without support tissues (upper view), and models with support tissues (lower view): (A) conventional
shape; (B) convex shape (1.0-mm curves in the direction of the occlusal surface); (C) concave shape (1.0-mm curves in the direction of the gingival
surface).

To prepare the analysis models, all-ceramic FPDs were fab-
ricated at the laboratory, and each FPD was scanned by mi-
cro computed tomography (CT) (MCT-100MF, Hitachi Med-
ical, Tokyo, Japan). The micro CT data were converted to
Digital Imaging and Communications in Medicine (DICOM)
data. To prepare a 3D image, 202 DICOM scans were sub-
jected to segmentation (ZedView, LEXI, Tokyo, Japan) to
generate standard template library (STL) data. Furthermore,
using RapidForm (INUS Technology, Seoul, Korea), non-
uniform rational B splines (NURBS) surfaces were prepared
and converted to initial graphics exchange specification (IGES)

data. SolidWorks 2005 (3D CAD, SolidWorks, Concord,
MA) was used for IGES data processing and analysis model
preparation.

Material properties

The Young’s modulus (E) and Poisson’s ratio (υ) of the FPD
frameworks (Cercon smart ceramics) and veneer porcelain
(Cercon Ceram S) were based on the manufacturer’s values,
and those for cortical bone, cancellous bone, and implant body
were based on a past report12 (Table 1).
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Table 1 Material properties

Elastic modulus Poisson’s
Material (MPa) ratio

Cercon framework 21,000∗ 0.23
Cercon Ceram S 70,000∗ 0.23
Titanium (implant and abutment) 110,000† 0.35
Cortical bone 13,700† 0.3
Cancellous bone 1370† 0.3

∗DeguDent Gesellschaft mit beschrankter Haftung, Germany (informa-
tion provided by the manufacturer).
†Eskitacioglu et al. The influence of occlusal loading location on
stresses transferred to implant-supported prostheses and supporting
bone. A three-dimensional finite element study. J Prosthet Dent 2004;
91: 144–150.

Boundary and loading conditions

At the center of the pontic, a load-bearing zone with a 2-mm
radius was established, and an 800 N load13 (assumed max-
imum occlusal force) was applied orthogonal to the occlusal
plane.

For the models that included the supporting tissue, the re-
stricted points were all nodes of the mesial wall of bone, of the
distal wall of bone, and of the lower margin of cortical bone. For
the models without the supporting tissue, the restricted points
were the inferior surfaces of the mesial and distal abutments.

Test conditions of framework

As was the case with the mechanical strength testing, the follow-
ing three framework shapes were established: (1) conventional
shape (control), (2) convex shape: 1.0-mm curve in the direc-
tion of the occlusal surface, and (3) concave shape: 1.0-mm
curve in the direction of the gingival surface.

Figure 4 Mesh generation. The analysis model with support tissues (left), and model without support tissues (right). A simulated load of 800 N was
applied at the center of the pontic. In the left model, the boundary condition with no displacement was prescribed at the mesial cross-section, distal
cross-section, and lower surface of mandible and fixed at the cut plane of the abutments in the right model.

Mesh generation and data processing

Mesh generation and data processing were carried out using
COSMOS Works 2005 (SolidWorks). The mesh consisted of
3D tetrahedral solid elements with an element size of 1 mm
and an allowable error of 0.05 mm. For the models including
the supporting tissue, the conventional type had 142,121 nodes
and 100,808 elements; the convex type had 144,112 nodes and
102,315 elements; and the concave type had 144,052 nodes
and 102,289 elements. For the models without the supporting
tissue, the conventional type had 22,592 nodes and 15,046 ele-
ments; the convex type had 24,338 nodes and 16,358 elements;
and the concave type had 23,701 nodes and 15,891 elements
(Fig 4).

Results
Mechanical strength test

The results of mechanical strength testing for the implant-
supported, all-ceramic FPDs with a zirconium framework
showed that the fracture load was 916.0 ± 150.1 N for the
conventional shape, 1690.5 ± 205.3 N for the convex shape,
and 1515.5 ± 137.0 N for the concave shape. A significant dif-
ference existed between the conventional shape and the other
two shapes (p < 0.05). The mean initial crack load for the con-
ventional shape was 681.5 ± 267.0 N, 439.0 ± 113.4 N for
the convex shape, and 945.0 ± 380.7 N for the concave shape
(Fig 5).

The mean final fracture load for the FPDs with frameworks
was the highest for the convex shape, although a critical crack in
the veneer porcelain (736.5 ± 145.2 N) was confirmed during
loading for all these specimens (Fig 6). The cracks originated
in the lower margin of the pontic framework and grew towards
the gingival surface of the medial and distal connectors of the
pontic.
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Figure 5 Results of the mechanical strength
test [load that initiated cracking in the veneer
porcelain (white bars), and the load required to
fracture the bridges (gray bars)].

SEM analysis

The fracture in the conventional shape originated in the gingival
side of the distal connector, as reported by Sorensen et al.6

Figures 7 and 8 show the SEM images of the fractured surface of
the conventional shape following mechanical strength testing.
The interface between the framework and layering porcelain
had exfoliated in most parts. Also, air bubbles of various sizes
were located in the layering porcelain.

Finite element analysis

In the past, several studies on ceramic restorations using FEA
used the von Mises stress;12,14-16 however, tensile stress is im-
portant for fragile materials, and in the present study, the max-
imum principal stress was also investigated in addition to the
von Mises stress. Stress distribution maps for all conditions

Figure 6 Load–time curve diagrams. Typical load–time diagrams and failure behavior of each condition. Left: bridge with conventional shape framework
showed a failure of the framework and the veneer at the same time. Center: bridge with convex shape framework showed critical cracks in the
veneer porcelain before the failure of framework. Right: bridge with concave shape framework showed a failure of the framework and the veneer at
the same time.

showed that the tensile stress was generated at the veneer porce-
lain on the gingival side of the mesial and distal connectors of
the pontic; however, there were differences in the maximum
value and stress distribution within the framework (Figs 9, 10).
On the gradation bar for maximum principal stress distribu-
tion, negative values indicate compressive stress, while positive
values indicate tensile stress. The combined results of the
analysis for all components of each model are represented in
Figures 11–13.

Localized model

For the models limited to the cervical area of the abutments,
the von Mises stress was the greatest inside the framework
of the mesial margin of the distal abutment for the conven-
tional, convex, and concave shapes (85.7, 85.8, and 87.6 MPa,
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Figure 7 Fracture surface of Cercon FPD with conventionally shaped framework. The rectangle areas (A–D) indicate the magnification points in
Figure 8.

Figure 8 (A–C) Exfoliation of the porcelain–framework interface at gingival side (A), buccal side (B), and lingual side (C). (D) Air bubbles of various
sizes were located in the outermost layer of porcelain, and the crack extended to this area.

respectively). The maximum principal stress distribution for the
conventional, convex, and concave shapes was the greatest at
the veneer porcelain on the gingival side of the distal connector
(32.0, 33.3, and 32.1 MPa, respectively).

Full assembly model

For the fully assembled models including the supporting tissue,
the von Mises stress was the greatest at the mesial cervical
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Figure 9 Stress distributions on the localized models. Distributions of Von Mises stress (upper view), and maximum principal stress (lower view) at
mesiodistal cross-section.

Figure 10 Stress distributions on the fully assembled models. Distributions of von Mises stress (upper view) and maximum principal stress (lower
view) at mesiodistal cross-section.

area of the distal abutment for the conventional model (73.1
MPa), at the distal cervical area of the mesial abutment for
the convex model (70.2 MPa), and within the veneer porcelain
for the concave model (75.2 MPa). In terms of the maximum
principal stress distribution, the stress was the greatest at the
veneer porcelain on the gingival side of the distal connector for
the conventional, convex, and concave shapes (47.7, 49.3, and
46.5 MPa, respectively).

The von Mises stress was high for the implants at the defect-
side abutment connector. Compared to the implants placed on
the distal side, the von Mises stress was higher for the implants
placed on the mesial side. Also, the maximum principal stress

was high at the first thread inferior surface. The maximum
principal stress was higher for the implants placed on the mesial
side compared to the distal side.

Discussion
In the past, it was believed that the fracture of all-ceramic
FPDs was caused by insufficient mechanical strength or air
bubble contamination.17 To increase the mechanical strength,
the framework is now made of ZrO2 instead of Al2O3; however,
few long-term clinical studies on ZrO2 frameworks have been
conducted.
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Figure 11 Results of FEA of the localized models. Two bar graphs showing the von Mises stress (left) and the maximum principal stress (right) in
each component.

Figure 12 The von Mises stress generated in each component.

When fusing the porcelain to a metal FPD frame, the dif-
ference in firing shrinkage generates internal stress that causes
cracks and fractures if the thickness of the porcelain is uneven.
Therefore, the metal frame design is based entirely on the shape
of the final prostheses. The framework shape of the all-ceramic
FPDs generally used today follows this principle; however,
differences in firing shrinkage are almost nonexistent with all-
ceramic FPDs. Therefore, the pontic framework in the present
study was made in three shapes, and a mechanical strength test

and stress analysis were carried out using frameworks made of
ZrO2.

The finite element method used for the present analy-
sis has been employed and documented extensively in den-
tistry.12,14-16,18-23 Any shape can be easily analyzed with this
method, and because the area of analysis itself is made into
a model, it is possible to express property changes in it. This
method is also widely used in areas such as statics, kinetics,
collision, heat conduction, fluid, and electromagnetic fields.
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Figure 13 The maximum principal stress generated in each component.

Furthermore, it can simultaneously handle multiple fields, such
as thermal stress.

Increasing the cross-sectional area of the connector is gener-
ally recommended to improve the fracture strength of the FPDs.
This method has been clarified by some studies using the finite
element method;14,20 however, there are clinical morphological
and esthetic limitations to increasing the cross-sectional area
of a connector. Hence, it is thought that the fracture strength
of all-ceramic FPDs would depend on the strength of the ma-
terial used to fabricate the framework; however, the results of
the present study suggest the possibility that even when using
the same material, an FPD can be made to withstand more
stress through stress dispersion by altering the shape of the
framework of the pontic. Oh et al21 analyzed the relationship
between the stress distribution of FPDs and the curvature radius
of the connector upper and lower embrasures using the 3D fi-
nite element method. They reported that the curvature radius of
the lower embrasure strongly affected the fracture resistance of
all-ceramic FPDs; however, because their analysis model was
a single-mass FPD without a framework, further investigation
is necessary for all-ceramic FPDs with a framework. In the
present study, the connector of the lower embrasure was made
into a U-shape as much as possible, as reported by Vult von
Steyern et al.10

In this study, the diameter of the connector of framework was
designed to be 3 mm. Filser et al11 designed the cross-sectional
area of the connector of framework to be 6.9 mm2 (2.7×2.6);
however, Raigrodski24 states that the minimum critical connec-
tor surface area is 9 mm2. Furthermore, Vult von Steyern et al7

designed the superoinferior height of the connector of frame-
work to be 3 mm based on studies by Futterknecht and Jinoian25

and obtained favorable results. Hence, the cross-sectional area
for the present study appears to be valid.

Shape of frameworks within all-ceramic FPDs

The load applied to the center of the pontic reached the up-
per margin of the framework via the veneer porcelain and was
dispersed in various ways, depending on the framework shape.
The results of mechanical strength testing showed that the frac-
ture load for the convex and concave shapes was significantly
higher than for the conventional shape. The fracture load for
the conventional shape was low, because there was an area of
stress concentration inside the framework, which could be de-
duced by comparing the fracture mode of FPDs determined by
the mechanical strength test and the maximum principal stress
distribution results from the FEA (Fig 14). In other words, the
mechanical strength test showed that the line connecting the ve-
neer porcelain on the gingival side of the distal connector (where
the principal stress distribution was the greatest), the pontic–
connector interface (where stress concentrated in the frame-
work), and the loading area demonstrated a typical failure mode
for the conventional shape. It follows from this finding that the
stress concentration inside a framework may induce cracking
of the veneer porcelain. Similar findings were also obtained for
the convex and concave shapes. This inference shows that the
analysis model used in this research is very useful for predict-
ing the fracture mode. Sorensen et al6 reported that all-ceramic
molar FPDs usually fractured clinically at the distal connector.
The results of the mechanical strength test in the present study
also showed that the area of fracture was the same in the con-
ventional shape, suggesting that there was no marked difference
in the failure mode between the all-ceramic bridges with Al2O3

frameworks and those with ZrO2 frameworks. Furthermore, it
was clarified that the mode of fracture varied with the shape of
the framework, even if the frameworks were made of the same
material.
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Figure 14 Failure mode. Left: typical failure mode of Cercon bridges with conventionally shaped framework. The fracture started from the gingival
side of the connector, and the fracture surface propagated to the loading point. Right: schematic illustration of crack formation (black arrow).

The results of the mechanical strength test showed that the
fracture load for the convex shape was the highest; however,
critical cracks in the veneer porcelain were seen in the con-
vex shape, but not in the other two shapes. These cracks oc-
curred from the lower margin of the pontic framework to-
wards the gingival surface of the medial and distal connec-
tors of the pontic. Such failure is not clinically acceptable.
Because of the geometry of the convex shape, it was diffi-
cult for the frameworks located on the gingival side of the
connector where stress concentrates; thus, the veneer porce-
lain received the tensile stress directly, and cracks were ini-
tiated at a low load value. Also, the final fracture load was
high, because the shape of frameworks resembled a reverse-
catenary, and thus received the loading stress as compressive
stress.

The fracture load for the concave shape was significantly
higher than that for the conventional shape; the veneer porcelain
cracking load for the concave shape was significantly greater
than that for the convex shape. In terms of bridge engineering,
the concave shape resembled a catenary; however, by arranging
a framework without a pontic–connector interface where stress
concentrates in an area of maximum principal stress, the load
could be evenly dispersed throughout the lower margin of the
frame.

Layering porcelain–framework interface

Filser et al11 analyzed all-ceramic FPDs with a zirconium
framework and reported that fractures occurred at the frame-
work and layering porcelain interface and extended along the
interface. They also reported the existence of a “stop and
go” mechanism, which is not found with Al2O3 frameworks.
As shown by the load–time curve diagrams in this study
(Fig 6), a “stop and go” mechanism was also observed. In addi-
tion, SEM analysis of the connectors following failure showed
circumferential peeling at the veneer porcelain and framework
interface, indicating that it will be necessary to investigate the
adhesion between the veneer porcelain and framework.

As reported by Kokubo and Shimoda,17 SEM analysis con-
firmed the presence of air bubbles within the all-ceramic
FPDs. All air bubbles were inside the layering porcelain, and
none were seen in the framework. With the increasing use of

CAD/CAM, the incidence of air bubble contamination inside
the framework has decreased; however, due to esthetic require-
ments, the veneer porcelain must be applied in the conventional
manner, and some air bubble contamination may be unavoid-
able. It is necessary to find a way to minimize air bubble con-
tamination in the veneer porcelain. Also, some studies11 have
found that the origin of cracks in all-ceramic FPDs with zirco-
nium frameworks was at the layering porcelain and framework
interface. In the present study, the origin could not be iden-
tified, although crack extension around the layering porcelain
and framework interface was confirmed.

FEA models

In the past, studies reproduced the periodontal ligament for
FEA of natural tooth-supported, 3-unit FPDs;14,18,22 however,
the physical properties of the periodontal membrane were
estimated and were not actual values.22 Therefore, implant-
supported FPDs without a periodontal ligament were used in
this study to eliminate uncertain elements and clarify the effects
of the framework shape.

Teeth are 3D objects, and their movements are also 3D. When
analyzing isolated anterior tooth crowns, there is no problem
with using the 2D finite element method, because the move-
ment elements are mostly limited to the labiolingual plane.15

However, movement elements vary when analyzing molar
FPDs. Therefore, this study employed a 3D finite element
method. When constructing 3D analysis models, it is very diffi-
cult to reproduce the morphology of the occlusal surface in three
dimensions by CAD. Hence, data in the present study were ob-
tained by micro CT. In general, segmentation of DICOM data
yields STL data. STL data are polygon data; there are no curve
data. Therefore, by forming NURBS surfaces using STL data,
IGES data with curve data were generated to allow CAD pro-
cessing. It was always possible with this method to construct
more realistic analysis models with smoother occlusal surfaces.

Localized models without supporting tissue and fully as-
sembled models with supporting tissue were prepared. Several
previous studies employing the finite element method used anal-
ysis models without supporting tissue;15,16,19-21,23 however, the
effects of these tissues on analysis results have not been inves-
tigated. The maximum principal stress is important for fragile
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Figure 15 Stress distributions within implants—Von Mises stress (left), and maximum principal stress (right).

materials, and the results of the present study showed that the
maximum principal stress for the localized models was as small
as 15.4 MPa at the veneer porcelain, 11.3 MPa at the framework,
5.9 MPa at the mesial abutment, and 9.4 MPa at the distal abut-
ment. These findings suggest that the maximum principal stress
may be underestimated by analyses using localized models.

For all models, the maximum principal stress distribution
was the greatest at the veneer porcelain of the distal connector,
which is different from the results of our previous study on
stress analysis of all-ceramic FPDs with an Al2O3 framework
(In-Ceram Alumina).26 The maximum principal stress with In-
Ceram Alumina was the greatest within the framework on the
gingival side of the distal connector. While this could be at-
tributed to the difference in elastic modulus, it suggests the
necessity for the optimization of frame shape for each material.

The von Mises stress for implants was high at the defect-
side abutment connector, and the maximum principal stress
was high at the first thread inferior surface. The von Mises
stress and maximum principal stress of the mandible were
high at the cortical bone. While stress was generated in can-
cellous bone, the level of stress was generally lower com-
pared to cortical bone. This difference is due to the resorption
of the cortical bone at the cervical area of implants in vivo
(Fig 15).

A highly useful analysis was carried out in this study by
gathering micro CT data and reproducing models with support-
ing tissue. Further investigations will be necessary to establish
metal-free restorations by comparing them with natural-tooth
models with the periodontal ligament.

Conclusion
To test the hypothesis that the shape of the framework of all-
ceramic FPDs affects fracture strength, the shape of the frame-
work of implant-supported, 3-unit, all-ceramic FPDs placed
in the lower left first premolar and first molar region was ana-
lyzed by a mechanical strength test and 3D FEA. The following
conclusions were obtained:

1. The shape of the framework, particularly the shape of the
pontic–connector interface, affects the stress distribution,
fracture strength, and fracture mode of all-ceramic FPDs.

2. Stress concentration inside a framework may induce crack-
ing of the veneer porcelain.

3. Compared to analysis models with supporting tissue, FEA
using models without supporting tissue may underestimate
the maximum principal stress.
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