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Abstract: An automated 3D finite element (FE) modeling procedure for direct fiber rein-
forced dental bridge is established on the basis of computer tomography (CT) scan data. The
model presented herein represents a two-unit anterior cantilever bridge that includes a
maxillary right incisor as an abutment and a maxillary left incisor as a cantilever pontic
bonded by adhesive and reinforced fibers. The study aims at gathering fundamental knowl-
edge for design optimization of this type of innovative composite dental bridges. To promote
the automatic level of numerical analysis and computational design of new dental biomateri-
als, this report pays particular attention to the mathematical modeling, mesh generation, and
validation of numerical models. To assess the numerical accuracy and to validate the model
established, a convergence test and experimental verification are also presented. © 2005 Wiley
Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 74B: 520–528, 2005
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INTRODUCTION

One of the fundamental difficulties in the stress analysis of a
dental prosthesis with new biomaterials is the highly irregular
shape and intricate material properties of human tooth struc-
ture, which makes the accurate analysis very time-consuming
and to a certain extent thereby minimizes the potential clin-
ical usefulness of such an approach. In order to achieve
acceptable numerical analysis accuracy, one of the effective
efforts is to represent the geometry of the tooth anatomy as
accurately as possible.

With the development of computer and digitizing technol-
ogies, various high-resolution inspections or shape-capturing
techniques have been extensively employed recently to define
the geometric surfaces of complex three-dimensional objects.
From the existing literature, the following several methods
are considered suitable to obtain the digitized description of
the human teeth and dental bridge geometry.

Method 1: Embedding the bridge in a plastic resin, cutting
and measuring serial sections1–4 that can provide reason-

able accuracy of information in cross-sectional geometry.
However, this method is limited for the generation of very
thin sections, results in destruction of the specimen, and
needs considerable effort for specimen preparation and
geometry digitization.

Method 2: Using the information of the average dimen-
sions of human teeth,5–7 which provides a representative
model, and no need to access any machines or devices. But
it is hard to obtain accurate shape and geometry for indi-
viduals, and also requires considerable time and effort for
sketch preparation, geometry measurement, and digitiza-
tion.

Method 3: Detecting digital information of geometries
based on computer tomography (CT) scan,8–11 which pro-
vides a higher accuracy of cross-sectional geometry and
speed of digitization, fine description of the geometry, and
preservation of the specimen, but needs accessing to a
micro-CT scanner and some model reconstructing pro-
grams.

Compared with Method 1 (cutting, measuring, and draw-
ing) and Method 2 (average outline drawing), the CT scan-
ning approach is obviously more effective and promising for
capturing intricate dental anatomic geometry. For this reason,
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the nondestructive CT technique is adopted in this study to
detect the geometry of the dental bridge model.

It is evident that from the recent literature that the CT-
based FE modeling technique has been increasingly utilized
for a range of biomechanical problems during the last decade,
e.g., mid-cervical vertebra,12 trabecular bone,13 human
skull,14 limb,15 human thorax,16 human femur,17 proximal
femur,18 bone microstructures,19 and so on. To make realistic
use of CT scan data for dental restoration, considerable effort
has been devoted recently. In 1997, the authors presented a
preliminary work in 3D FE modeling of the direct fiber
reinforced composite bridge, in which the geometries of the
abutment and pontic were digitalized by using CT scan tech-
nology.8 In 2001, Verdonschot et al.9 developed a 3D FE
modeling procedure for a human premolar based on a mi-
cro-CT data-acquisition system with a 13-�m resolution,
where several material interfaces were identified. To produce
the FE mesh, the preprocessor of commercial software Marc
(MSC.Software, Redwood City, CA) was employed and 4
node tetrahedron elements were generated. More recently,
Clement et al.10 also presented a quasi-automatic FE model-
ing procedure within ANSYS environment (ANSYS Inc,
Canonsburg, PA) by using CT scanning data. Due to their
special interest in orthodontic simulation, however, the teeth
were treated as rigid bodies and the reconstruction of pulp
chamber has not been taken into account. From the above
work, it can be claimed that the CT-based FE modeling
technique to a certain extent reflects the major trend in
promoting the automatic level of dental biomechanical anal-
ysis, where highly irregular geometry, gradient material prop-
erties, multiple load cases, and complex boundary conditions
often dominate the cost of accurate numerical analysis. Fur-
thermore, the CT-based modeling technique can also provide
an efficient and realistic means to in vivo capture of the
complex geometry of human tooth anatomy in the clinic.

Over the last two decades, the development of the resin-
bonded bridge technique has shown certain advantages over
conventional fixed partial dentures (FPD).11 One of the most
extensively adopted resin-bonded structures has been the
Maryland-type bridge, where either a metal or all-ceramic
framework is used to retain the pontic to single or double
abutments.11,20 Since the resin-bonded FPD has a more com-
plicated geometry and failure mechanism in contrast to con-
ventional FPD,21–23 the 3D FE method has been applied to
stress analysis of Maryland bridge structures.20 To accom-
modate the complex geometry of the Maryland bridge, Lin et
al. also recently developed an elegant integrating system of
the resin-bonded prosthesis modeling by making use of CT
data, where the tetrahedron elements were automatically gen-
erated to enable an efficient stress analysis.11

As an alternative to the Maryland bridge, the direct fiber
reinforced composite bridge has a special goal in promoting
a “one-appointment” technique for temporary or midterm
resin-bonded bridges, which was regarded as a revolutionary
solution for young patients.24 It is interesting to note that the
CT-based modeling approach has great potential to comply
with such a special requirement that will enable a tailored

design and fabrication of bridgework to individuals. In order
to bring this newly emerging technique to clinical surgery,
however, a great deal of work is still needed. This report aims
at developing a quasi-automatic prototyping system by inte-
grating CT scanning, imagine processing, CAD, in-house
mesh generator, and finite element analysis (FEA). It has
been noted that in the clinic, although cantilever bridges have
been considerably adopted25,26 for (1) reducing the residual
stress due to any inappropriate bridgework and (2) the un-
availability of the second abutment tooth, the cantilever has
been relatively less studied except with implants.27,28 Hence,
a direct fiber-reinforced composite cantilever bridge is taken
as an example to describe the modeling and validating pro-
cesses in this report. Considering the bonding strength is of
special significance in retaining the direct resin-bonded can-
tilever bridge; an approximate modeling of adhesive layer is
also encompassed in FEA. The accuracy of the CT-based FE
modeling is reasonably verified by a numerical convergence
test and experiments.

MATERIALS AND METHODS

Physical Model of the Dental Bridge

A physical model of a two-unit cantilever dental bridge is the
basis for the geometric model of the 3D finite elements in this
study. As shown in Figure 1, an artificial maxillary left
incisor made of composite is bonded by adhesive to a natural
maxillary right incisor. The structure is reinforced by a single
polyalkane fiber with a relatively high elastic modulus.

CT Scanning of the Dental Bridge Model

As a state of the art technology, a computed tomogram (CT
scan) is an image produced by computer processing of data
that is obtained by directing multiple narrow beams of X-ray
photons through an object into detectors. The detectors mea-
sure the intensity of each beam as it emerges from the object.
Each single beam, therefore, represents a measurement of the
X-ray attenuation of the tissues in its path; many such paths
are recorded as the X-ray tube and detectors rotate around the

Figure 1. CT scanning sections of original dental bridge model.
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object. The computer then processes the data and mathemat-
ically superimposes all the path attenuation measurements to
create an image in which the intensity at each location in the
image reflects the radio intensity of that place within the
object.29 The pictorial arrangement of the attenuation values
makes up the final CT image. The attenuation value is ex-
pressed as Hounsfield units (HU) (after one of the inventors
of CT). Water has been arbitrarily assigned the value of 0
HU, with denser values ranging upward to that of bone,
which can be 500 HU or more. The neighboring section of the
object that is imaged with CT forms a slice with a specific
thickness. If the imaged slice is conceived as a mosaic of unit
volumes or voxels, the HU obtained for each voxel in the
mosaic matrix can then be converted into a dot on a television
screen. The brightness of each dot will depend on the density
of that unit volume. The “picture” so produced is equivalent
to a radiograph of that cross-sectional slice of the object.30

The physical bridge model is placed in a container filled
with water to attenuate the X-ray beam.27 This results in a
clearer image of the boundaries of the hard dental and bony
tissues, since the density of water (HU � 0) more closely
approximates the Hounsfield Unit for hard tissue. The images
are produced using a GE9800 CT scanner in the Royal Prince
Alfred Hospital, The University of Sydney. To yield a rea-
sonable image quality for 3D reconstruction, the bridge is
scanned with an interval of 1.0 mm; consequently, in total 24
serial CT sections from the abutment tooth apical root to
incisal edge are acquired, as illustrated in Figure 1.

Method of Reconstructing the Structural Geometry

In general, CT scans only offer the coordinate data of cloudy
scatter points in the material boundaries. These discrete
points may not be suitable to directly generate FE models.
Thus, various interpolation or data fitting techniques have to
be employed in order to create an approximate mathematical
model. Non-Uniform Rational B-Splines, known as NURBs,
is one of the most popular techniques to comply with such a

computational requirement.31 Its high mathematical elegance
and great geometric versatility have seen NURBS extensively
used in various reverse engineering situations over the years.
To process the CT raw data, an interface program has been
developed to present the CT data to the CAD system (EDS/
Unigraphics, Plano, TX) properly.

The spline curves provide an approximate interpolation
based on a group of scattered points in a section. Generally
speaking, spline creation may vary depending on how the
sampling points are used. Shown in Figure 2 is the illustrative
procedure for reconstructing a tooth profile, where only the
outer surface of the dentin has been depicted. In the recon-
struction of the dentin outer surface, a close spline curve is
firstly fitted to the raw or extracted CT scanning points in a
cross-sectional plane, as plotted in Figure 2(b). It is found that
the surface construction schemes based on the blending of
cross-sectional curves have a definite advantage over the
point data interpolation methods as far as shape control is
concerned. In other words, it appears much easier to describe
a shape by using cross-sectional views than by using a cloud
of scattered 3D points. More importantly, it will be seen later
that this treatment is of great benefit to the development of the
auto-meshing algorithm.

After the cross-sectional curves are created [Fig. 2(c)], a
NURBs surface of the dentin is constructed based on those
curves as illustrated in Figure 2(d). Subsequently, a solid
model can be reconstructed with the help of the close NURBs
surface as shown in Figure 2(e). In the exactly same way,
other inner surfaces of the tooth can also be created. Finally,
the entire tooth solid model is assembled by using Boolean
operation, e.g., the solid of the pulp chamber is subtracted
from the dentin, while the enamel is added to the dentin.

As shown in Figure 2(e), the reconstructed solid model
appears highly consistent with the physical model. According
to the individual dimensions, such a geometric model can be
readily modified and adjusted on the basis of control param-
eters in the Unigraphics computer-aided design (CAD) sys-

Figure 2. The procedure of reverse bioengineering within a CAD environment.
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tem used.32 Compared with the other model generation meth-
ods that were tried, it is clear that the CT scan is more
time-efficient and has provided a reasonable modeling quality
and efficiency.

Errors of the Geometric Model

The geometric modeling of tooth contains a set of curved
surfaces that vary widely in a complex manner. It has always
been difficult to describe tooth geometry exactly and com-
pletely since errors could occur in each of the methods
discussed.

Firstly, errors are inevitable from digitization of the phys-
ical models due to section interval limits (24 in this study
compared with 55 out of 770 in Verdonschot et al.9), image
processing algorithm, and geometric measurements. In the
reconstruction process, although current CAD platforms pro-
vide some robust tools to create free-form surfaces based on
a series of scatter points, the accuracy of interpolation is still
difficult to ensure particularly when the degrees of freedom of
the geometric parameters are limited. The problem also hap-
pens in the areas with high curvatures, in which interpolation
errors appear more nontrivial. Even with the CT scanner,
some positioning errors would be introduced into the cap-
tured data.

In this case, some adjustments of reconstruction data be-
come necessary in order to obtain a smoother curve and
surface. The process is called fairing in CAD and reverse
engineering technology. There have been different fairing
methods proposed in the literature on computer-aided geo-
metric design, but a relatively simple one is to adjust them
point by point. It is worth noting that this can be very
time-consuming and is carried out only when a perfect tooth
geometry is required. In general, the geometrical modeling
accuracy is reasonably acceptable compared to those result-
ing from FE discretization and numerical analysis.

Automated FE Mesh Generation

Compared with laboratory material testing, FEA offers a
number of noteworthy advantages in parameter studies, in-
ternal stress analysis.9 More importantly, FEA together with
CT scan, CAD/CAM, and rapid prototyping could practically
enable a virtual reality and surgery plan system for the dental
clinic. Without doubt, the efficiency and accuracy of the FE
modeling will play a central role in the establishment of such
an automated clinical procedure.

It is well known that an FE solution is greatly influenced
by discretization scheme, kinematic boundaries, and load
conditions. For such a complex geometry as the dental bridge,
the discretization is regarded as one of the most challenge and
time-consuming tasks. As a general rule, a higher order
element type offers a more precise numerical solution when
there is the same mesh density. On the contrary, once the type
of element is chosen, a finer mesh would reduce the discreti-
zation error resulting from the replacement of a continuous
structure by a discrete FE model. However, the higher order
of element types and denser mesh usually increase the size of

the numerical problem (measured by degree of freedom, for
short, dof) to be solved. Therefore, an appropriate compro-
mise between the numerical accuracy and computing cost is
necessary.

To generate FE meshes in different materials and complex
geometries of dental structures, either commercial packages
(e.g., Marc9 and ANSYS10) or in-house programs have been
employed in the literature. Lin et al.1 developed an automatic
procedure of FE meshing for the second premolar. The pro-
cedure was subsequently applied to a number of interesting
dental biomechanics modeling problems, e.g., mesial-occlu-
sal-distal restoration teeth2,3 and cervical lesion of maxillary
premolar.4 Nevertheless, the geometry data were acquired
from the physical sliced technique (Method 1). Recently, they
have attempted to integrate CT scanning into the FE model-
ing, where Pro/Engineer was adopted to automatically gen-
erate FE mesh for the resin-bonded Maryland-type prosthe-
sis.11 The CT-based FE modeling presented by Verdonschot
et al.9 employed Marc to automatically generate 3D mesh
from the well-represented free-form surfaces, where the 3D
surfaces were firstly divided into triangles and then the vol-
umes contained by the surfaces were divided into large num-
ber of 3D volume elements.

In the literature, it is noticed that primarily the linear
tetrahedral elements have been adopted to discretize the den-
tal structures in both the commercial and in-house mesh
generators due to their flexibility in general cases. One of the
main concerns with such an element type is that the bound-
aries of each element may be given in straight lines and,
consequently, a denser mesh is usually needed to appropri-
ately capture the freeform surfaces in dental structures. For
this reason, it would be meaningful to attempt other nonlinear
element types. This study demonstrates an in-house mesh
generator to introduce higher order elements strategy for the
discretization of the dental structures.

In the present procedure, the quadratic curved twenty-node
brick elements and fifteen-node wedge elements are adopt-
ed.33 The solid model consists of mainly brick elements as
well as a few wedge elements to accommodate sharp bound-
ary and the mesh transient of different sizes. The model is
predominantly divided into five parts: abutment dentine,
crown (enamel), composite pontic, reinforced fiber, and ad-
hesive layer in abutment/pontic, abutment/fiber, and pontic/
fiber interfaces. The division and interconnection of the mesh
volumes as well as the subsequent subdivision of elements
into brick or wedge are accomplished quasi-automatically by
using the in-housing program.

Tooth dimensions differ widely from individual to indi-
vidual. To have the established model more representative,
proper modifications for some surface points are introduced
from the drawings (Method 2) in the present example. In the
real model, the fiber is covered by a resin composite to
produce a smooth, convex surface (Figure 1). Since this
coverage has relatively little effect on the strength of the
bridge compared with the fiber, it is neglected in the FE
modeling in this study.34
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It is evident that the root part of the abutment has a less
complicated shape and a low stress concentration compared
to the crown and connecting part. Thus, only a coarse mesh
is arranged in the root portion whereas a dense mesh is
assigned on the other parts of the bridge model. This is
implemented in line with the coordinates of the longitudinal
axis (along the occlusal direction), i.e., the root region (sec-
tions 0–8 in Figure 1) is meshed coarsely and the crown
region (sections 11–24) is meshed densely. Sections 8–10 are
set as a transient region by using the wedged elements (refer
to the preliminary model shown in Figure 4).

The NURBs representation of boundary surfaces as well
as solid modeling enables a flexible generation of boundary,
interfacial, and internal nodes. This actually allows an arbi-
trary generation of brick elements over the domain. However,
if one looks at the slice that is reconstructed from two
consecutive CT sectional images [Figure 3(a)], the mesh
generation may become simpler as in Figure 3(b,c). Figure 3
shows the meshing processes of two slices in the crown
region, respectively, without and with the enamel. In the
procedure, the corner nodes of the brick elements are uni-
formly sampled along each closed B-splined curves (in terms
of curved coordinate s). Also, the corner nodes of the brick
elements are created along the normal directions between
these spline curves [in terms of coordinate t, as in Figure
3(c)]. The intermediate edge nodes are then generated from
the curves and surfaces when located on the boundary of
region/material, or from the solid model database otherwise.
Also the parameters for defining mesh density, the numbers
of elements along s and t, need to be prescribed beforehand.

To maintain a proper geometrical aspect ratio, a 25–100-
�m-thick adhesive layer35 between the abutment and pontic
in the physical bridge model is modeled as a 0.2-mm-thick
layer [Figure 3(d)], where slight modification (inward shrink-
age in the elements connected) is introduced to allow better
control of the geometry while simultaneously attempting to
minimize the distortion of the mesh and thus increase the
predictive accuracy of the FE model. In summary, this pre-
liminary model consists of approximately 572 twenty-node
quadratic hexahedra elements and 140 fifteen-node quadratic
wedge elements with a total of 3710 nodes as shown in Figure
4. The nodal coordinates and mesh connectivity data are then
transmitted into another commercial FE package Strand7

(G�D Computing, Sydney, NSW, Australia) through a spe-
cial interface program between CAD and FEA platforms.

The Loading, Boundary Conditions, and Material
Properties

To facilitate the convergence tests, simplified loading, bound-
ary conditions, and material properties are applied. In the
model shown in Figure 4, the bone structure that supports the
root is assumed to be rigid while the periodontal ligament
between the bone structure and the root is neglected. Conse-
quently all of the root nodes, which correspond to the external
surface of the root portion of dentin, are assumed to be fully
fixed. A uniformly distributed bite force of total 100N is
initially applied at the incisal margin of the pontic as Figure
4, but the other load cases are allowed. It is further assumed
that the bite force is 26° to the longitudinal axis that repre-
sents the angle at the first contact of tooth during biting.36

The materials adopted in the preliminary study include:
the light-cured composite for the pontic, the adhesive for the
bond, the fiber for the connector, and a human central incisor

Figure 3. Procedure from CT scanning image to finite elements. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Figure 4. Finite element modeling of the bridge showing enamel,
dentin, pulp regions, composite pontic, reinforced fiber. and adhesive
layer. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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for the abutment. The Young’s modulus of pulp is negligibly
small compared to those of the enamel and dentin. Therefore,
the effect of pulp on the structural analysis can be neglected
and the pulp chamber is considered to be hollow. All the
materials are assumed to be homogeneous, isotropic, and
linear elastic. The Young’s modulus37 and Poisson’s ra-
tio37,38 of the materials are summarized in Table I.

RESULTS AND DISCUSSION

Convergence of FE Model

As pointed out earlier, the FE model replaces a physical
continuum object in a discrete fashion. Theoretically, the
computational result is only an approximate rather than the
exact solution. Before the FE numerical result is accepted,
both the accuracy and the validity of the solutions must be

objectively established.39 The accuracy of FEA, i.e., measur-
ing how well the exact solution has been approximated, can
be assessed via a convergence test.1 The validity of the
solution, which measures how well the continuum has been
approximated, may be determined by laboratory experiments.
This study will carry out both convergence tests and labora-
tory experiments to verify the present CT-based FE modeling
approach of the dental bridge.

TABLE I. Material Properties for the FEA Model

Material
Young’s Modulus

(MPa) Poisson’s Ratio

Enamel 60,000 0.3335

Dentine 15,000 0.3135

Fiber 50,000 0.3034

Adhesive 2000 0.3034

Composite 18,000 0.3034

Figure 5. Refinements of 3D finite element meshes and contours of von Mises stresses. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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In general, the higher the order of the elements used, the
better the approximation for the displacements, which is
referred to as p-convergence. Also, theoretically, FE results
should converge toward exact results as the mesh is refined,
i.e., when more nodes and elements are properly used, the
approximate solution generally improves (a process called
h-convergence) and the calculated displacement at any par-
ticular node approaches the exact solution (but is generally
unknown). Note that in the case of 3D analyses, each node
normally has three dof representing displacements in the x, y,
and z Cartesian directions. Thus, these tests can be expensive
and time-consuming, and there have been very limited reports
for dental bridges so far. In the study by Lin et al.,1 the
convergence test was carried out to verify the automatic
meshing procedure developed, where von Mises stress con-
tour and strain energy were checked against dof. Unfortu-
nately, the indices of strain energies do not show a monotonic
convergent pattern, but rather appeared geometry-dependent.

Considering the nature of the displacement-based FE
method, the nodal displacements are selected as the conver-
gence indices. To observe the effect of mesh density on
displacements, four different meshes, with increasing num-
bers of nodes and elements, are generated to perform the
convergence test. As in Figure 5, the mesh size varied from
Mesh 1 with 257 elements (4,359 dof), Mesh 2 with 702
elements (10,689 dof), Mesh 3 with 1,418 elements (21,354
dof), to Mesh 4 with 2,451 elements (33,996 dof). All models
have the same load and boundary conditions as Figure 4, as
well as the same material properties as listed in Table I.

To compare detailed test results between the different
mesh sizes, the tensile principal stress peaks, maximum dis-
placements in vertical directions, displacements at specific
points, and computational efficiency for these four different
meshes are summarized in Table II. In all the models, it is
identified that the maximum tensile stress occurs at the same
position on the crown distal surface (near the cervical line of
the abutment). It is also worth noting that the computing time
(CPU time in a P4-1.7 GHz) varied from 8 s for Mesh 1 to
273 s for Mesh 4.

Figure 6 shows the variation of displacements at two
sampled points (nodes A and B) and computing time against
the number of dof. These two nodes are randomly picked
from the irregularly meshed adhesive region and the largely
deformed fiber region, respectively, The convergence of the

FE model is well identified from the monotonic curves. The
differences between the displacements at point B are found to
be approximately 0.66% between Mesh 3 and Mesh 4 (con-
siderably smaller than 2% between Meshes 2 and 3), whereas
the differences in the number of dof and computer time are 59
and 148%, respectively. In fact, the contours of the surface
von Mises stresses as plotted in Figure 5 also provide further
evidence of the strong similarity between Mesh 3 and Mesh
4. From the viewpoints of both accuracy and efficiency, Mesh
3 with around 21,000 degrees-of-freedom is recommended as
a fundamental mesh density for further detailed numerical
studies.31

Experimental Validation

The laboratory experiment is essential to validate the CT-
based FE modeling. Based on the authors’ best knowledge,
however, no experimental investigation for the direct fiber
dental bridge is available. As one of the primary goals of the
experiment, the FE numerical results are evaluated against
the test ones herein. A more thorough experimental investi-
gation, including the failure pattern as well as the effects of
design variations, parameters, and adjacent teeth, is beyond
the scope of this article and is reported elsewhere.40

Considering that the bridge stiffness is of special interest,
the experiment is carried out to measure the stiffness in terms

TABLE II. Comparison of the Maximum Tensile Stress, Specific Displacements, and Computer Time on the Four Different Meshes

Mesh 1 Mesh 2 Mesh 3 Mesh 4

Degrees of freedom 4359 10,689 21,354 33,996
Number of nodes 1557 3710 7534 12,093
Number of elements 257 702 1418 2451

Max tensile stress �1 (MPa) 81.50 80.38 74.71 72.20
Max displacement uz (mm � 10�2) �4.88 �5.15 �5.21 �5.25
uz at Point A (mm � 10�2) �1.99 �2.16 �2.24 �2.32
uz at Point B (mm � 10�2) �1.29 �1.47 �1.50 �1.51
Computer time (s) 8 32 110 273

Figure 6. Nodal displacements and computing time against the num-
ber of degrees-of-freedom for the four FE meshes.
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of the slope of loading versus displacement curve, i.e., ds/dp.
The overview of the experiment setup is shown in Figure 7,
where the bridge specimen firmly rests on a rigid metal
platform of the testing machine. To examine the stiffness
more thoroughly, three specimens are prepared and four
loading positions (1, 2, 3, and 4) for each specimen are set on
the specimens as marked in Figure 7.

The experimental and computational stiffnesses are de-
picted in Figure 8. The deviations of slopes between the tests
and FEA are 15, 9.9, 10.6, and 16.4% at load positions 1, 2,
3, and 4, respectively. This represents a reasonable agreement
between the experimental and the predicted values when
considering various sources of errors, including material
properties, additional compliance associated with loading
contact point jig system, and root boundary conditions of the
specimens. As a result, the CT-based FE modeling is appro-
priately validated.

CONCLUSIONS

As part of the ongoing project regarding comprehensive
investigation into the direct fiber-reinforced composite dental
bridge structures, this report focuses on the development of
an automated procedure for FE modeling, which involves CT
data processing, continuum mathematical modeling, and dis-
cretizing. The computer tomography (CT) scan technology
adopted in this study seems promising for clinical dental
restoration due to its nature of nondestructive detection in
human teeth. It is expected that the integration of these
several individual pieces of cutting-edge technologies would
significantly promote the “one-appointment” technique for
dental bridge production in the customized clinic.

A cloud of scatter data from the CT scanner is fitted to a
continuum mathematical model in a CAD environment. Such
a 3D continuum model proves to be versatile in downstream
manipulations. On the basis of the mathematical model, par-
ticularly the representation of detailed CT sections, the mesh
generation becomes relatively straightforward and efficient.
The entire CT-based modeling procedure shows a typical
example of reverse bioengineering.

The adoption of the quadratic curved elements appears
suitable to describe the complex interfacial freeform surfaces
in the human tooth. The adequacy of the mesh refinement in
the 3D FEA model has been assessed by the implementation
of convergence tests. Considering both numerical precision
and computational efficiency, a FE model with over 20,000
degrees of freedom is suggested. In addition, the CT-based
FE modeling technique is appropriately validated through the
laboratory tests. It is claimed that the accuracy and validity of
the CT-based FE modeling procedure presented are practi-
cally effective and suitable to further biomechanical analysis
and design optimization of the dental bridges.

It can be noted that one of the main advantages of devel-
oping an in-house mesh generator is to accommodate a com-
putational shape/parameter optimization for a computer-aided
dental bridge design, which will consist of many iterations of
FEA, numerical sensitivity analysis, and shape modification.
At some stage, a remeshing process may be needed and a full
control of mesh generation will be of clear benefit for this
purpose. In addition, the in-house mesh generator is suitable
for the anatomic similarity of human teeth as it appears more
efficient and can provide an important component for devel-
oping a stand-alone computer-aided dental clinical plan soft-
ware in the future.

This study has been partially supported by Nulite System Inter-
national Pty Ltd. Special thanks are due to Dr. Graham Culy from
The University of Melbourne for providing the original dental
bridge models and Mr. Ken Tyler, Dr. Jim Ironside, and Dr. Napa
Suansuwan at the Dental Biomaterial Section in the Faculty of
Dentistry, The University of Sydney, for their technical assistance
on the test specimen fabricating and testing.
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