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a b s t r a c t

Objectives. This investigation describes a rapid method for the generation of finite element

models of dental structures and restorations.

Methods. An intact mandibular molar was digitized with a micro-CT scanner. Surface con-

tours of enamel and dentin were fitted following tooth segmentation based on pixel density

using an interactive medical image control system. Stereolithography (STL) files of enamel

and dentin surfaces were then remeshed to reduce mesh density and imported in a rapid

prototyping software, where Boolean operations were used to assure the interfacial mesh

congruence (dentinoenamel junction) and simulate different cavity preparations (MO/MOD

preparations, endodontic access) and restorations (feldspathic porcelain and composite

resin inlays). The different tooth parts were then imported in a finite element software

package to create 3D solid models. The potential use of the model was demonstrated using

nonlinear contact analysis to simulate occlusal loading. Cuspal deformation was measured

at different restorative steps and correlated with existing experimental data for model val-

idation and optimization.

Results. Five different models were validated by existing experimental data. Cuspal widening

(between mesial cusps) at 100 N load ranged from 0.4 �m for the unrestored tooth, 9–12 �m

for MO, MOD cavities, to 12–21 �m for endodontic access cavities. Placement of an MOD

adhesive restoration in porcelain resulted in 100% cuspal stiffness recovery (0.4 �m of cuspal
widening at 100 N) while the composite resin inlay allowed for a partial recuperation of cusp

stabilization (1.3 �m of cuspal widening at 100 N).

Significance. The described method can generate detailed and valid three dimensional finite

element models of a molar tooth with different cavities and restorative materials. This

can r

emy

[1]: an iterative optimization of the design of the experiment
method is rapid and

© 2006 Acad

. Introduction

t is a well-established claim that mechanical testing is of
aramount importance, not only in aerospace, civil engineer-
ng and the automotive industry, but also in health care. The
eld of biomedical research raises specific problems due to the
act that today’s research may prove extremely expensive and

∗ Tel.: +213 740 4239; fax: +213 740 6778.
E-mail address: magne@usc.edu.

109-5641/$ – see front matter © 2006 Academy of Dental Materials. Pu
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eadily be used for other medical (and dental) applications.

of Dental Materials. Published by Elsevier Ltd. All rights reserved.

ethically questionable when performed on live subjects. To
limit the costs and risks involved in live experiments, virtual
models and simulation approaches have become unavoidable
is performed on the computer and is seen in virtual prototyp-
ing and virtual testing and evaluation; after this iterative step,
when the best design has been refined, the actual experiment

blished by Elsevier Ltd. All rights reserved.
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is conducted. The value is that the modeling and simulation
step saves time and money for conducting the live experiment
or clinical trial.

Yet dental research seems to make very little use of vir-
tual models, such approaches representing a minor part of the
scientific publication volume. In finite element (FE) analysis,
a large structure is divided into a number of small simple-
shaped elements, for which individual deformation (strain
and stress) can be more easily calculated than for the whole
undivided large structure. By solving the deformation of all
the small elements simultaneously, the deformation of the
structure as a whole can be assessed. Using the traditional
biophysical knowledge database in a rational validation pro-
cess [2], the use of FE analysis in dental research has been
significantly refined during the last decade [3–10]. Nowadays,
experimental–numerical approaches undoubtedly represent
the most comprehensive in vitro investigation methods in
restorative dentistry [9,10]. They allow the researcher (1) to
reduce the time and cost required to bring a new idea from
concept to clinical application, (2) to increase their confidence
in the final concept/project by virtually testing it under all con-
ceivable loading conditions.

Because teeth and bones cannot be assimilated to a simpli-

fied geometric representation but have anatomical shapes and
a layered structure, sophisticated techniques have been devel-
oped to refine geometry acquisition, such as the recreation and
digitization of planar outlines of the spatial anatomy [11,12].

Table 1 – Sequential procedure, computer software and times u

The tooth model may be accomplished by a trained operator in less than a
of the project). The same approach is applicable to other disciplines (ortho
from MRI or CT-scan data.
3 ( 2 0 0 7 ) 539–548

This is often the most time-consuming step for the modeler.
In addition, this process is prone to errors and simplifications
which may induce faulty predictions. For this reason, patient’s
geometry-based meshing algorithms have already been pro-
posed to generate complex solid models of bones as for exam-
ple the CT scan-based FE model [6]. Similar approaches can
be used with microscale CT scanner for the simulation of
small objects like teeth, dental implants and dental restora-
tions [13]. However, considerable work is still required in order
to obtain congruent parts (sharing the exact same geometry
at their interface) and smooth relationships between the dif-
ferent 3D objects (enamel, dentin, restoration). By the same
token, modification of a given parameter, like for instance
variations in restoration size, often requires the realization
of a new and separate model, including the time-consuming
geometry acquisition.

The aim of the present study is therefore to propose a fur-
ther development to facilitate and accelerate geometry acqui-
sition/modification during the fabrication of FE models of
tooth restorations. The presented method is based on stere-
olithography (STL) and surface-driven automatic meshing. In
this innovative approach, validated by cuspal flexure measure-
ments, the model is built in multi-parts (using segmentation

and Boolean operations with CAD objects) based on the geom-
etry of the unaltered tooth. The same method can also be
used to create patient-specific models from any other body
part using either MRI or CT data.

sed to generate the 3D FE tooth model

workday (depending of the complexity of the parts and general goal
dontics, orthopedic surgery, etc.) to generate patient-specific models
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. Materials and methods

.1. Mesh generation and material properties
pre-processing)
4-step procedure (Table 1) was followed to generate a 3D FE
odel of an extracted human mandibular molar.
First, the tooth was scanned with Skyscan 1072 high res-

lution Micro-CT (Skyscan, Aartselaar, Belgium) with a voxel

ig. 1 – (A) CT-scan data as seen in MIMICS 9.0. The tooth is pres
een applied to enamel (white) and dentin (yellow) according to
s a result of segmentation in MIMICS.
( 2 0 0 7 ) 539–548 541

dimension of 13.65 �m. Exposure time was 7.2 s per frame, two
frames were taken per angle and there were 208◦. A total of
1128 slices were taken in 2 h. Only 81 slices (one slice out of
every 14 slices) were used for the modeling.

Second, the different hard tissues visible on the scans
were identified using an interactive medical image control

system (MIMICS 9.0, Materialise, Leuven, Belgium). MIMICS
imports CT and MRI data in a wide variety of formats and
allows extended visualization and segmentation functions
based on image density thresholding (Fig. 1A). 3D objects

ented in three different cross-sectional views. Masks have
voxel density thresholding. (B) 3D representation of dentin
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(enamel and dentin) are automatically created in the form of
masks by growing a threshold region on the entire stack of
scans (Fig. 1B). Using MIMICS STL+ module, enamel (Fig. 2A)
and dentin were then separately converted into stereolithog-
raphy files (STL, bilinear and interplane interpolation algo-
rithm). Native STLs are improper for use in FEA because of
the aspect ratio and connectivity of the triangles in these files.
The REMESH module attached to MIMICS was therefore used
to automatically reduce the amount of triangles and simulta-
neously improve the quality of the triangles while maintaining
the geometry (Fig. 2B). During remesh, the tolerance variation

from the original data can be specified (quality of triangles
does not mean tolerance variation from the original data). The
quality is defined as a measure of triangle height/base ratio
so that the file can be imported in the finite element anal-

Fig. 2 – (A) Stereolithography triangulated (STL) file of
enamel obtained through the STL+ module within MIMICS.
The density and quality (aspect ratio and connectivity) of
the triangles is not appropriate for use in finite element
analysis. (B) Enamel STL file optimized for FEA using the
REMESH module within MIMICS. Note the improved
triangle shape and the intact geometry compared to Fig. 2A
in spite of a significant reduction in number of triangles.
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sis software package without generating any problem. The
emesh operations were also applied to the dentin STL. Seg-

entation of enamel and dentin may be accomplished by a
rained operator in ca. 90 min (including remesh of the STL
les).

Third, a strereolithography handling software (MAGICS 9.9,

aterialise, Leuven Belgium) was used in order to reestab-

ish the congruence of the interfacial mesh between enamel
nd dentin (this congruence being lost during the previous
emeshing process) using Boolean operations (addition, inter-

ig. 3 – (A) Cross-sectional view of the enamel–dentin assembly
xact same geometry at their interface (dentinoenamel junction)
long with CAD objects used to simulate a stone base (cylinder) a
etween the root portion and the stone base was obtained throu
entin). (C). Congruent STL parts of enamel (white) and dentin (y
ubstractions between the original enamel/dentin STLs and diffe
arts result in five possible models (left side), i.e. the natural too
ndodontic access preparations (ENDO). The NAT model was also
orcelain inlay (CER) by attributing different material properties t
( 2 0 0 7 ) 539–548 543

section or subtraction of volumes). Once a congruent mesh at
the dentinoenamel junction was obtained (Fig. 3A), additional
Boolean operations with CAD objects (Fig. 3B and C) were used
to simulate a cylindrical fixation base (embedding the root
within 2 mm of the cementoenamel junction), as well as dif-
ferent cavity preparations (MO and MOD cavities, endodontic
as seen in MAGICS. Both enamel and dentin STLs share the
. (B). Congruent enamel (white) and dentin (yellow) meshes
nd different cavity designs (red inserts). Mesh congruence

gh a Boolean subtraction process (stone cylinder minus
ellow) resulting from Boolean intersections and
rent CAD inserts (right side). The assembly of the different

th (NAT), MO and MOD cavities (CAV), MO and MOD
used to simulate a composite resin inlay (CPR) and a

o the enamel and dentin inserts (see Table 2).

access cavities) and restorations. The exact design and dimen-
sions of the MO, MOD and endodontic access cavities are
described in Table 2. These successive restorative situations
were chosen because they reproduce existing experiments
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Table 3 – Material properties

Elastic modulus (GPa) Poisson’s ratio

Enamel 84.1a 0.30b

Dentin 18.6c 0.31d

Composite 10.0e 0.24f

Ceramic 78.0g 0.28a

a Craig et al. [25].
b Anusavice and Hojjatie [24].
c McGuiness et al. [28].
d Farah et al. [27].
e Eldiwany et al. [26].
f Nakayama et al. [29].
g Data from manuftacturer of Creation-Willi Geller dental porcelain

Fig. 4 – Load protocol and configuration as seen in Mentat,
i.e. a nonlinear contact analysis between a rigid body
(9.5-mm diameter load sphere moving along Z-axis against
the tooth) and a deformable tooth (CAV MOD shown here).
The widening of the cusps (�v) was calculated from the
output values of displacement along the Y-axis for selected
nodes near the cusp tip.
(Klema, Meiningen, Austria).

[14–16], which will be used in the validation process of the FEA
model (see Section 3). Two additional experimental conditions
were generated by attributing different material properties to
the enamel and dentin inserts included in model NAT: a com-
posite resin inlay (CPR) and a feldspathic ceramic inlay (CER).
The treatment of the STL files in MAGICS may be accomplished
by a trained operator in ca. 30–60 min per model (including all
Boolean operations).

Fourth, the optimized STL files of the segmented enamel
and dentin parts were then imported in a finite element anal-
ysis software package (MSC.Marc/MSC.Mentat, MSC.Software,
Santa Ana, CA) for the generation of a volumetric mesh and
attribution of material properties (Table 3). The triangulated
STL files are ideal for automatic mesh generation using a
tetrahedral mesher (tetrahedron elements with pyramid-like
shape and 4 nodal points). This last step may be accomplished
by a trained operator in ca. 30–60 min per model (including
attribution of boundary conditions and 17 min to run the anal-
ysis).

2.2. Boundary conditions, loadcase and data
processing

Fixed zero-displacement in the three spatial dimensions was
assigned to the nodes at the bottom surface of the stone base.
The tooth and restorative materials were taken as bonded,
which simulate usage of adhesive luting cements. A uniformly
ramp loading was applied to the mesial cusps through a rigid
body, i.e. a 9.5-mm diameter ball positioned as close as possi-
ble to the tooth (Fig. 4). The tooth was defined as deformable
contact body. Contact between these bodies was determined
automatically by the FEA simulation during the static mechan-
ical loadcase (no inertia effects) with a uniform stepping pro-
cedure of 10 steps. A motion was applied to the rigid ball along
the Z-axis through a negative velocity of 0.02 mm per step.
Only one step was required to reach contact in both cusps. The
motion continued for the remaining steps to reach a total force
100–200 N on the ball (depending on the model). The stress and

strain distributions were solved using the MSC.Marc solver. As
mentioned before, these specific boundary conditions, load
protocol and configuration were chosen because they repro-
duce existing experiments by Panitvisai and Messer [14], and
Jantarat et al. [15,16].
3. Results

The post-processing file was accessed through MENTAT to
select specific nodes on the buccal and lingual enamel near
the cusp tip and to collect the values of displacement in
the Y direction for each loading step (Y+ denotes displace-
ment in lingual direction and Y− in buccal direction). The
force along the Z-axis on the rigid ball was also collected
for each step. After the transfer of these data to a spread-
sheet, the widening (deformation) of the cusp was calculated
(by summing the displacement of each cusp) and plotted
against the force along Z-axis on the ball (Fig. 5). As expected
in an elastic simulation, there is a quasi-linear relationship
between load and deformation. The progressive loss of tooth
substance (MO to MOD to ENDO) translates into a progres-
sive loss of cuspal stiffness (decreased slope of the force vs.
deformation plot). The unrestored tooth (NAT) and the tooth

with the MOD ceramic inlay (CER) display the same con-
duct (100% recovery of cuspal stiffness), while the more flex-
ible composite inlay allowed for partial of recovery of cuspal
stiffness.
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Fig. 5 – Force generated by the load ball in Newtons vs.
cuspal widening in millimeters (mesial cusps) for each
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xperimental design.

EA validation

or validation of the models, the widening of the mesial cusp
t a load of 100 N for all groups was extracted and is presented
n Table 4 along with results from existing experiments by
anitvisai and Messer [14] and Jantarat et al. [15,16] who used
he same type of tooth, loading protocol (static load at 100 N)
nd configuration (9.5 mm load sphere seating on the mesial
usps).

There is a good association between FEA and experimen-
al values at each restorative step, the difference being infe-
ior to 3 �m in most conditions. A larger difference was
oted when comparing the MOD endodontic accesses in the
EA to the study by Panitvisai and Messer: [14] 21.3 �m ver-
us 28.8 �m respectively. This discrepancy, however, does not
ppear when comparing the same model with the studies

y Jantarat et al. [15,16] The MOD composite yielded 1.3 �m
f cuspal widening (3× the value of NAT), unlike the MOD
eramic restoration, which was similar to the unaltered tooth
0.4 �m).

Table 4 – Results and comparison with existing experimental d

Experimental condition

FEA Pani

NAT (intact tooth) 0.4
CAV MO (MO cavity) 9.1
CAV MOD (MOD cavity) 11.8
ENDO MO (MO + endo. access) 12.3
ENDO MOD (MOD + endo. access) 21.3
CER (MOD ceramic inlay) 0.4
CPR (MOD composite inlay) 1.3
( 2 0 0 7 ) 539–548 545

4. Discussion

A number of studies [17–20] analyzing biophysical stress and
strain have shown that restorative procedures can make the
tooth crown more deformable, and teeth could be strength-
ened by increasing their resistance to crown deformation. The
standard loadcase applied in the present analysis constitutes
the most discriminating technique to study crown deforma-
tion; it also constitutes a useful validation set-up that mirrors
existing experimental cuspal flexure measurements. Jantarat
et al. [16] used an extensometer and only measured teeth with
an opened MOD endodontic access. Panitvisai and Messer
[14] and Janatarat et al. [15] used direct current displacement
transducers (DCDT) to measure individual cusp displacement.
The precision of each transducer being around 1 �m, they were
not able to measure submicron displacements. In addition, a
cumulated error of 2 �m can be expected on the total cusp
widening. The maximum difference found between the exper-
imental measurements and the FEA model was around 3 �m.
Considering that the inter-tooth variability reported by both
articles far exceeds these values, the model can be consid-
ered valid. The results obtained with composite restored teeth
(CPR) are in agreement with conclusions by Douglas [17] stat-
ing that their strength falls off with increasing cavity size and
can only approach that of the unaltered tooth in the case of
small conservative cavities. This cannot be said about ceramic
restored teeth (CER), the behavior of which is strictly mimick-
ing the unaltered tooth (Fig. 6). These results are in agreement
with in vivo and in vitro studies [21,22] showing tooth-like
fracture resistance, better cuspal protection and significantly
better “anatomical form of the surface” and “integrity of the
restoration” for ceramic inlays compared to composite ones.

As illustrated in the present article, the proposed approach
resulted in valid 3D models with very detailed tooth anatomy
and realistic computation process. Previous attempt to gener-
ate 3D models resulted in much coarser meshes [11,12], mainly
due to the limitation of the geometry acquisition method
(manual tracing of actual tooth sections), another reason being
the increased memory requirements for 3D models, which did

not allow fine representation of the geometry. Other authors
[3–5] digitized a plaster model (crown portion) and extrap-
olated the inner geometry (pulp, root dentin and enamel
volumes) using tooth morphology literature data. Different

ata

Widening �v ( �m) at 100 N load (force Z)

tvisai and Messer [14] Jantarat et al.

[15] [16]

<1 <2 –
6 – –

10 6–10 –
14.4 – –
28.8 24–32 17–18

– – –
– – –
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Fig. 6 – First principal stress distribution in four of the seven models studied. To allow for better comparison of the stress
pattern, the MOD insert of enamel and dentin (model NAT) or the MOD ceramic restoration (model CER) were made invisible.
Colors, tensile stresses; gray, compressive stresses. Note the similarity between NAT and CER.
approaches were proposed to access the inner anatomical
detail without extrapolation and accelerate the production
of the models. Verdonschot et al. [13] might have been the
first authors to describe the development of a 3D finite ele-
ment model of a restored tooth based on a microscale CT
data-acquisition technique. The tooth was scanned after being
restored with an MOD composite and the 3D geometry was
obtained through the stacking of traced 2D sections, still
involving a significant amount of manual work. An interest-
ing semi-automated method was proposed [6–8] to generate
solid models of bones without internal boundaries (plain auto-
matic volumetric mesh), then using the Hounsfield unit (HU)
to attribute a specific Young’s modulus to each element based
on scan density. When applied to small structures like teeth
(with thin anatomical details such as the enamel shell), this
technique does not allow the fine control of internal bound-
aries (e.g. dentinoenamel junction), the exact geometry of
which will have to follow the automatic volumetric meshing
process.

The approach used in the present study suggests that
maximum anatomical detail is obtained by surface/interface-
based meshing using stereolithography (STL) surface data.

The different parts of the model featuring different mechan-
ical properties are identified first (segmentation process) and
meshed accordingly. Elements do not overlap the different
structures but strictly follow the internal boundaries, resulting
in a smooth and very well controlled representation of inter-
faces like the dentinoenamel junction (Fig. 3A). Significant
advantages, when using STLs, are the sophisticated visual-
ization tools (shaded wireframe 3D views, section views etc.)
and possibilities offered by the Boolean operations. The gen-
eral principle of Boolean operations is that a new object can be
formed by combining two 3D objects. Objects can be united,
intersected or subtracted. When intersecting or subtracting
two overlapping objects, a congruent mesh is assured at the
interface between the new objects. This property is essen-
tial to assure the continuity of the resulting volumetric mesh.
Boolean operations with predefined CAD objects (box, cylin-
der, cone or inserts as in Fig. 3B) constitute an important
feature. It allowed us to “digitally” simulate successive restora-
tive procedures (Fig. 3C), unlike Verdonschot et al. [13] who
had to “physically” restore the tooth before scanning it. In the
present study, the geometry of the unaltered tooth remains,
allowing for direct comparison with the different experimen-
tal conditions. The very user-friendly graphic interface allows
for rapid modifications of the different parts and generations
of new STLs that can be instantly exported and volumetrically
meshed the FEA program. It must be pointed out that micro-CT

is not suitable for human teeth in live patients. However, con-
sidering that only 81 slices were necessary to generate these
valid FEA models, one can easily foresee that the exponential
development of commercial dental CT-scanners, computer
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rocessing power and interface friendliness will make this
pproach even faster and more automated, allowing the rapid
abrication of patient-specific simulation of dental restora-
ions in a very near future. Even though small differences

ay remain between the reality and the finite element envi-
onment, numerical modeling is able to reveal the otherwise
naccessible stress distribution within the tooth-restoration
omplex (Fig. 6) and it has proven to be a useful tool in the
hinking process for the understanding of tooth biomechan-
cs and the biomimetic approach in restorative dentistry [23].

. Conclusion

his investigation describes a rapid method for the generation
f finite element models of dental structures and restorations.
etailed three dimensional finite element models of a molar

ooth with different cavities and restorative materials were
enerated. The potential use of the model was demonstrated
sing nonlinear contact analysis to simulate occlusal loading.
uspal widening was measured at different restorative steps
nd correlated with existing experimental data for model val-
dation and optimization. This method is rapid (a tooth model

ay be obtained by a skilled operator in less than a workday)
nd can readily be used for other medical applications to cre-
te patient-specific models from any other body part using
ither MRI or CT data. Further, this methodology could facil-
tate optimization and understanding of biomedical devices
rior to animal and human clinical trials.
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