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Purpose: New methods are available for the rapid generation of 3-D finite element models of dental structures and
restorations. Validation of these methods are required. The aim of the present study is to utilize stereolithography and
surface-driven automatic meshing to generate models of specific restorative conditions, and to examine these models
under loading. The data generated are compared to existing experimental data in an attempt to validate the model.

Materials and Methods: An intact maxillary central incisor was digitized with a micro-CT scanner. Surface contours 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 den-
sity and imported in a rapid prototyping software, where Boolean operations were used to assure the interfacial mesh
congruence (dentinoenamel junction) and simulate different tooth preparations (endodontic access, veneer, proximal,
and Class Il preparations) and restorations (Class Ill composites). The different parts were then imported in a finite ele-
ment software package to create 3D solid models. A 50-N point load perpendicular to the tooth’s long axis and cen-
tered on the incisal edge was applied either on the buccal or palatal surface. The surface strain was obtained from
selected nodes corresponding to the location of the strain gauges in the validation experiments.

Results: The increase in crown flexure (compared to the unaltered tooth) ranged from near zero values (conservative
endodontic access, removal of proximal enamel) to ca 10% (aggressive endodontic access, conservative Class Ill
preparations), 23% and 34% (moderate and aggressive Class lll preparations, respectively), and 91% (veneer prepara-
tion). Placement of Class Ill composite resin restorations resulted in 85% recovery of the original crown stiffness. 3D
FEA data correlated well with existing experimental data. In two situations, smaller FEA strains were recorded com-
pared to the experimental strains, perhaps due to enamel cracking under the strain gauges. This artefact was not sim-
ulated by the FEA models.

Conclusion: Experimental data validated the FEA models. The described method can generate detailed three-dimen-
sional finite element models of a maxillary central incisor with different cavities and restorative materials. This method
is rapid and can readily be used for other medical (and dental) applications.
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iomedical research has inherent problems in that it can
be prohibitively expensive and ethically questionable
when performed on live subjects. Furthermore, certain vari-
ables cannot be monitored and measured using in vivo mod-

els. Virtual models and simulation approaches from the en-
gineering industry, such as finite element (FE) analysis, have
been utilized to overcome these barriers.28

FE analysis divides a large structure into a number of
small, simply shaped elements. The strain and stress of
these individual elements are more easily calculated than
for the whole undivided structure. By solving the deforma-
tion of all the small component elements simultaneously,
the deformation of the structure can be assessed. The ap-
plication of a rational validation process in combination with
the existing biophysical knowledge databasel3 has helped
refine the use of FE analysis in dental research over the last
decade.272931 Presently, experimental-numerical ap-

@ Tenured Associate Professor, Director of Esthetic Dentistry, Division of Pri-
mary Oral Health Care, School of Dentistry, University of Southern California,
Los Angeles, CA, USA.

b Graduate Student, Advanced Prosthodontics, School of Dentistry, University
of Southern California, Los Angeles, CA, USA.

Correspondence: Dr. Pascal Magne, Oral Health Center, School of Dentistry,
University of Southern California, 3151 South Hoover Street, Suite E201, Los

Angeles, CA 90089-7792, USA. Tel: +1-213,740-4239, Fax: +1-213-821-5324.
e-mail: magne@usc.edu

Vol 10, No 1, 2008

proaches represent the most comprehensive in vitro inves-
tigation techniques in restorative dentistry.29:31
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Fig 1 CT-scan data as seen in Mimics 9.0. The tooth is presented
in three different cross-sectional views. Masks have been applied
to enamel (white) and dentin (yellow) according to voxel density
thresholding. Bottom right corner: 3-D rendering of enamel and
dentin as a result of segmentation in Mimics.

Fig 2 Left: Stereolithography triangulated (STL) file of enamel ob-
tained through the STL+ module within Mimics. The density and
quality (aspect ratio and connectivity) of the triangles is not ap-
propriate for use in finite element analysis. Right: Enamel STL file
optimized for FEA using the REMESH module within Mimics. Note
the improved triangle shape and the intact geometry compared to
the left-hand image in spite of a significant reduction in number
of triangles.

As teeth and bones have anatomical shapes and layered
structures, they cannot be assimilated to a simplified geo-
metric representation. Sophisticated techniques have been
developed to refine geometry acquisition, including the
recreation and digitization of planar outlines of the spatial
anatomy.14.15 Earlier techniques resulted in the formation of
meshes with less detail reproduction.14.15 The combination
of micro-CT data with FE analysis has resulted in models
which are finer in texture than what could be obtained pre-
viously.20.30 The use of stereolithography (STL) and surface-
driven automatic meshing has further simplified and accel-
erated geometry acquisition/modification the FE modeling
process.20

It is known that restorative procedures can make the
tooth crown more deformable.9:12:22,23 |t s also recognized
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that there is a partial recovery of stiffness when-prepared
teeth are restored with conventional restorative proce-
dures.18.25.27 The present knowledge base has numerical
data on how anterior tooth flexure is affected by various
restorative conditions.17-19

The aim of the present study is to utilize stereolithogra-
phy and surface-driven automatic meshing to generate mod-
els of specific restorative conditions, and to examine these
models under loading. The data generated are compared to
existing experimental data in an attempt to validate the mod-
el.

MATERIALS AND METHODS

Mesh Generation and Material Properties
(Preprocessing)

A four-step procedure was followed to generate a 3-D FE
model of an extracted human maxillary central incisor.20

First, a raw micro-CT set of slices was provided by
Digisens (Ferney-Voltaire, France) with a voxel dimension of
13.67 microns. A total of 1024 slices were provided but on-
ly 75 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 al-
lows extended visualization and segmentation functions
based on image density thresholding. Three-dimensional ob-
jects (enamel and dentin) are automatically created in the
form of masks by growing a threshold region on the entire
stack of scans. Using Mimics STL+ module, enamel and
dentin were then separately converted into stereolithogra-
phy files or STL, bilinear and interplane interpolation algo-
rithms (Fig 1). Native STLs are improper for use in FEA be-
cause 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 trian-
gles and simultaneously improve the quality of the triangles
while maintaining the geometry (Fig 2). 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 tri-
angle height/base ratio so that the file can be imported in
the finite element analysis software package without gener-
ating any errors. The remesh operations were also applied
to the dentin STL.

Third, a stereolithography handling software (MAGICS X,
Materialise) was used in order to re-establish the congru-
ence of the interfacial mesh between enamel and dentin
(this congruence being lost during the previous remeshing
process) using Boolean operations (addition, intersection, or
subtraction of volumes). Once a congruent mesh at the
dentinoenamel junction was obtained, additional Boolean
operations with CAD objects were used to simulate a cylin-
drical fixation base (embedding the root within 2 mm of the
cementoenamel junction), as well as different cavity prepa-
rations (endodontic access, Class Ill and veneer prepara-
tions, proximal slice) and restorations (Class Ill composite
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Table 1 FEA geometry and characteristics for the different models

and distal Class Ill composites

corresponding to CL3-AGGRES

Model label Description Specific features Volumetric mesh
No. Elements* No. Nodes*
NAT Intact natural tooth (unrestored) Central maxillary incisor 71135 15159
ENDO-CONS Unrestored tooth with conserva- Occlusal mesiodistal width: 58839 13021
tive endodontic access prepara- 2.0 mm
tion Occlusal inciso-gingival height:
3.0 mm
Tapered to fit the canal apically
ENDO-AGGRES Unrestored tooth with aggres- Occlusal mesiodistal width: 59085 13505
sive endodontic access prepara- 4.5 mm
tion Occlusal incisogingival height:
6.0 mm
Tapered to fit the canal apically
VENEER PREP Unrestored tooth with facial All facial enamel removed in- 60070 13345
enamel completely removed cluding mid-part of both proxi-
mal areas
NO-PROX Unrestored tooth with proximal Flat proximal enamel slice 75138 17492
enamel completely removed (leaving dentin intact).
CL3-CONS Unrestored tooth with conserva- Approx. 1.5 mm (buccolingual) 47260 11321
tive mesial and distal Class IlI x 2 mm (mesiodistal) x 6 mm
preparations (incisoginigval), soft rounded
shape
CL3-MOD Unrestored tooth with moderate Approx. 2 mm (buccolingual) 44334 10964
mesial and distal Class Il prepa- X 2.5 mm (mesiodistal) x 6 mm
rations (incisoginigval), rounded shape
CL3-AGGRES Unrestored tooth with aggres- Approx. 2 mm (buccolingual) 49910 11961
sive mesial and distal Class IlI x 3 mm (mesiodistal) x 7 mm
preparations (incisoginigval), box shape
CL3-REST Tooth restored with large mesial Dimensions of restorations 71314 15660

*stone base excluded

resins). The exact design and dimensions of the 9 experi-
mental conditions are described in Table 1 and can be seen
in Fig 3. These specific clinically relevant situations were
chosen because they reproduce existing experiments,17-19
which will be used in the validation process of the FEA mod-
el (see Results).

Fourth, the optimized STL files of the segmented enamel
and dentin parts were then imported in a finite element
analysis software package (MSC.Marc/MSC.Mentat, MSC.
Software; Santa Ana, CA, USA) for the generation of a volu-
metric mesh and attribution of material properties (Table 2).
The triangulated STL files are ideal for automatic mesh gen-
eration using a tetrahedral mesher (tetrahedron elements
with pyramid-like shape and 4 nodal points).

Vol 10, No 1, 2008

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 and to the side opposite to the load direction (Fig 4).
The tooth (enamel/dentin) and restorative materials were
taken as bonded, which in group CL3-REST simulated usage
of adhesive composite resin restorations. A 50-N point load
was applied 1 mm from the incisal edge and centered
mesiodistally on the buccal surface, except in groups VE-
NEER PREP and NO-PROX where a palatal load was use in-
stead. Group NAT was tested under both conditions (buccal
and palatal load). The stress and strain distributions were
solved using the MSC.Marc solver. As mentioned before,
these specific boundary conditions, load protocol, and con-
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1L

ENDO-CONS ENDO-AGRES VENEER PREP

Fig 3 Congruent STL parts of enamel
(white) and dentin (yellow) resulting
from Boolean intersections and sub-
tractions. The assembly of the differ-

ent parts results in nine possible
NO-PROX CL3-CONS CL3-MOD CL3-AGNES CL3-REST models (see Table 1).

Fig 4 Load protocol and configura-
tion, ie, a 50-N point load perpendicu-
lar to the tooth long axis and centered
about 1.5 mm from the incisal edge,
either on the buccal (for NAT, ENDO-

! CONS, ENDO-AGGRES, CL3-CONS,
BUCCAL LOAD - CL3-MOD, CL3-AGGRES, CL3—REST) or
palatal surface (NAT, VENEER PREP,
NO-PROX). To fit the experimental
data, a cylindrical stone base (in gray)

NAT, ENDO-CONS,

ENDO-AGRES, was modeled and fixed at its base
CL3-CONS, CL3-MOD, (dotted circle) and along its lower out-
CL3-AGRES, CL3-REST PALATAL LOAD LOAD: line (arrows). The surface strain was
obtained from selected nodes corre-

NAT, VENEER PREP, NO-PROX sponding to the location of the strain

gauges in the experiment (red rectan-
gle).

Table 2 Material properties figuration were chosen because they reproduce existing ex-
periments.17-19

Elastic modulus (GPa) Poisson’s ratio

Enamel 84.18 0.301 RESULTS
Dentin 18.62 0.311 The post-processing file was accessed through MENTAT to
Composite 10.010 0.042 select specific nodes on the buccal and lingual enamel at

mid-height of the clinical crown and to collect the values of
surface strain for each numerical model, which correspond-
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Fig 5 Results and comparison with
existing experimental and numeri-
cal data.

Fig 6a First principal stress distrib-
ution in models NAT and VENEER
PREP. Colors = tensile stresses.
Gray = compressive stresses. Note
the significant increase of tensile
stresses in the palatal concavity
due to the loss of facial enamel.
Both models behave like cantilever
beams with the facial half of the
tooth under compression, the
palatal half under tensile stresses
and a neutral plane inbetween.

Fig 6b Sample at the end of trial (facial enamel removed) by
Magne et al.1® Multiple cracks are visible on the palatal surface.
One of these has propagated mesiodistally under the strain
gauge, generating an extremely intense signal compared to the
FEA (cracks not modeled). Courtesy of Journal of Prosthetic Den-

tistry.
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First principal stress (MPa)

ey

VENEER PREP
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ed to the location of the strain gauges in the validation ex-
periments. The data were transferred to a spreadsheet. For
comparison between the different specimens and the exist-
ing validation experiments, normalized results were used.
The absolute measurements of strain were converted to a
relative value given by the following equation:

Compliance given at a selected test conditions
Relative Compliance =

Compliance given by the unaltered tooth

maximum strain given at selected test condition
maximum load

maximum strain given by the unaltered tooth
maximum load

maximum strain given at selected test condition

maximum strain given by the unaltered tooth

Note that the compliance was here defined as strain/load
(deformation) of the clinical crown. Results of the present
simulation, along with average experimental and numerical
results from existing studies17-19 are presented in Fig 5.
There is a good association between FEA and experimental
values at each restorative step. A discrepancy was noted
when comparing the aggressive endodontic access in the
FEA to the study by Magne and Douglas,18 1.09 vs 1.39 of
relative compliance, respectively. Another but smaller dis-
crepancy was found when comparing the veneer preparation
in the FEA to the existing studies, %19 1.91 vs 2.16-2.31 of
relative compliance, respectively.

DISCUSSION

A number of studies®1222.23 analyzing biophysical stress
and strain have shown that restorative procedures can make
the tooth crown more deformable, and teeth could be
strengthened by increasing their resistance to crown defor-
mation. Because of the arrangement and position of the an-
terior dentition, the mechanical loads mainly act in the buc-
colingual plane of each tooth. Proximal contact areas re-
strain mesiodistal loads. The horizontal component of real-
istic biting loads induces bending, which is the major chal-
lenge for the incisor. The standard loadcase applied in the
present analysis constitutes the most discriminating tech-
nique to study crown deformation in the anterior dentition;
it also constitutes a useful validation set-up that mirrors ex-
isting experimental crown flexure measurements.

A discrepancy was observed between FEA models and
the existing experiments for both models with the largest ex-
perimentally-measured strain, ie, the extensive endodontic
preparation (ENDO-AGGRES) and the veneer preparation
(VENEER PREP). This is not an unexpected outcome be-
cause large deformations are likely to generate enamel
cracking, which, in turn, will increase the strain gauge read-
ing during experimental testing1® (see Fig 6b). In addition,
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considering that the intertooth variability reported-by the ex-
isting experimental references far exceeds the FEA-experi-
mental discrepancy, the FEA model can be considered valid.
The proximal ridges were not removed by the endodontic ac-
cess preparation, which limits the increase of flexibility, as
shown by Reeh at al.26 As a result, the loss of stiffness of en-
dodontically treated teeth appears to be insignificant when
the endodontic access preparation is conservative (ENDO-
CONS). Thus, one must commend endodontists who are
able to work through reduced access cavities, which will po-
tentially limit the biomechanical alteration of the clinical
crown and ensure a positive long-term prognosis of the re-
stored tooth.

While the removal of proximal enamel (NO-PROX) had no
significant effect on the crown compliance, the model with-
out facial enamel (VENEER PREP) displayed the highest in-
crease of compliance, which confirms existing experimental
data showing that substantial loss of facial enamel is more
likely to affect crown rigidity than is the interdental reduction
of enamel or large Class Il cavities.1%18 FEA is unique in its
ability to provide access to the stress distribution within hard
tissues. The significant alteration generated by the veneer
preparation is easily visible in Fig 6a. On the same illustra-
tion, it appears that the palatal concavity, which provides the
incisor with its sharp incisal edge and cutting ability, is also
an area of stress concentration and can be the nidus for
crack propagation in the corresponding experimental spec-
imen (Fig 6b).19

As is the case for endodontic access preparation, the ex-
tent of Class Il preparations will significantly affect the com-
pliance of the clinical crown (9% to 34% increase depending
on cavity size, CL3-CONS vs CL3-AGGRES). Restoring large
Class lll defects with composite resin restorations will
strengthen the tooth even though it does not restore the orig-
inal tooth stiffness. Studies conducted by Reeh et al25 and
Reeh and Ross27 showed a recovery of 76% to 88% in crown
stiffness after the placement of composite fillings and com-
posite veneers. In the present 3D FEA study, the restored
tooth (CL3-REST) demonstrated 85% of stiffness recovery
compared to the unaltered tooth, which again correlates
with experimental data (86%).18 The results obtained with
the Class Il and composite restored teeth are in agreement
with conclusions by Douglas,® stating that their strength di-
minishes with increasing cavity size and can only approach
that of the unaltered tooth in the case of small conservative
cavities.

As illustrated in the present study, the proposed approach
resulted in valid 3-D models with very detailed tooth anato-
my and realistic computation process. Previous attempts to
generate 3-D models resulted in much coarser meshes;1415
Verschodont et al30 might have been the first authors to de-
scribe the development of a 3-D finite element model of a re-
stored tooth based on a microscale CT data-acquisition tech-
nique. The tooth was scanned after being restored with a
MOD composite and the 3-D geometry was obtained through
the stacking of traced 2-D sections, still involving a significant
amount of manual work. The approach used in the present
study suggests that maximum anatomical detail is obtained
by surface/interface-based meshing using stereolithography
(STL) surface data. Significant advantages when using STLs
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are the sophisticated visualization tools (shaded wireframe
3-D views, section views, etc) and possibilities offered by the
Boolean operations. The general principle of Boolean opera-
tions is that a new object can be formed by combining two 3-
D 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. Boolean operations with predefined CAD objects
constitute an important feature. It allowed us to “digitally”
simulate successive restorative procedures (Fig 3), unlike
Verdonschot et al,3% who had to “physically” prepare and re-
store the tooth before scanning it. In the present study, the
geometry of the unaltered tooth remains, allowing for direct
comparison with the different experimental conditions. One
can easily foresee that the exponential development of com-
mercial dental CT-scanners, computer processing power, and
interface friendliness will make this approach even faster
and more automated, allowing the rapid fabrication of pa-
tient-specific simulation of dental restorations in a very near
future. Even though small differences may remain between
the reality and the finite element environment, numerical
modeling is able to reveal the otherwise inaccessible stress
distribution within the tooth-restoration complex (Fig 6a), and
it has proven to be a useful tool for facilitating the under-
standing of tooth biomechanics and the biomimetic ap-
proach in restorative dentistry.16

Although finite element analyses still have limitations,
they appear to be an essential component of research and
development in industry in general. Dental research, how-
ever, does not make extended use of this resource as
demonstrated by the limited publication volume about nu-
merical simulation. Geometry acquisition and three-dimen-
sional modeling based on CT data can still be considered at
a pioneering stage. Knowledge about stress distribution
could have an influence on the requirements for adhesive
strength. This work is an attempt to explore uncharted terri-
tories and provide inspiration as well as a method for further
works in which the quality of the bond of adhesive restora-
tions could be modeled and investigated more in detail.
Therefore, minimally invasive dentistry, which is in part de-
pendent on adhesive dentistry, should ultimately benefit
from further development and research using the method of
the present study.

CONCLUSION

This investigation describes a rapid method for the genera-
tion of finite element models of dental structures and
restorations. Detailed three-dimensional finite element mod-
els of an incisor with different cavities and restorations were
generated. A standard loadcase was applied to induce bend-
ing of the clinical crown. Surface strains were measured un-
der the different restorative conditions and correlated with
existing experimental data for model validation. Within the
limitations of this study, it can be concluded that:

* 3D FEA data correlated well with existing experimental
data. In two situations, smaller FEA strains were record-
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ed compared to the experimental strains, maybe due to
enamel cracking under the strain gauges. This artefact
was not simulated by the FEA models.

e Endodontic preparation did not generate significant al-
terations of crown stiffness, especially when proximal
ridges were left intact (conservative access).

* Veneer preparation (total removal of facial enamel) led to
the largest increase of flexure (91%).

* Conservative and large Class Ill cavity preparations in-
creased crown flexibility by 9% and 34%, respectively.

* Only 85% of the original crown stiffness could be recov-
ered when large Class Il cavities were restored with com-
posite resin.
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Clinical relevance: Minimally invasive endodontic access
and Class Il preparations do not significantly alter the
tooth biomechanics. Extended loss of facial enamel, as
well as large Class Il defects, require special attention be-
cause of the substantial loss of crown stiffness. Use of ap-
propriate restorative methods should ensure recovery of
the tooth rigidity.
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