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The objective of this investigation was to present a novel method to facilitate and
accelerate geometry acquisition/modification during the fabrication of finite ele-
ment models of tooth restorations. Microcomputed tomographic data, stereolith-
ography, and surface-driven automatic meshing were used to generate premolar
finite element models with different occlusoproximal cavity preparations and cor-
responding composite resin restorations. Occlusal loading was simulated by non-
linear contact analysis. Cuspal widening was measured and correlated with exist-
ing experimental data for model validation. Cuspal widening during application of
a 150-N load ranged from 2.7 um for the unrestored tooth to 5 to 179 um for the
different preparations and 3.5 to 6.9 um for the different restorations. The described
method was efficient and generated detailed and valid three-dimensional finite
element models. These models were used to study the effect of restorative proce-
dures on cuspal deflection and revealed high cuspal strains associated with mesio-
occlusodistal preparations and restorations compared to individual two-surface
preparations. This study confirmed that, whenever possible during removal of
interdental decay, an intact marginal ridge should be maintained to avoid three-
surface preparations such as the mesio-occlusodistal and the high cuspal strain
associated with this design. (Int J Periodontics Restorative Dent 2009;29:361-369.)
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A number of previous studies™ ana-
lyzing biophysical stress and strain
have shown that restorative proce-
dures can make the tooth crown more
deformable, and teeth could be
strengthened by increasing their resis-
tance to crown deformation. To date,
a large body of experimental data has
been produced about posterior teeth
cuspal deflection.>'? These labora-
tory studies require sophisticated and
expensive pieces of equipment, as
well as large numbers of extracted
teeth. To minimize confounding vari-
ables, only specimens with similar size
and shape can be used, which usually
limits the number of variables that can
be studied. Additional problems of
this type of research using extracted
teeth include infection control and
storage conditions.

On the other hand, in the virtual
world (eg, finite element analysis),
because of the nature of the original
numeric model, which can be multi-
plied without alteration and at no cost,
an infinite number of variables can be
studied. The value of modeling and
numeric simulation is found in the fact
that it allows a researcher to define the
best experimental design and select
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the critical variables to evaluate in an
actual laboratory experiment or clinical
trial. Thus, numeric simulation repre-
sents a valuable means of saving time
and money associated with laboratory
and clinical research.

Because of earlier hardware and
software limitations, mainly two-
dimensional (2D) or coarse three-
dimensional (3D) models were used,
which limited the type of problems
studied. Nowadays, technological
advancements, such as computed
tomographic (CT) scan data, allow
the efficient generation of sophisti-
cated 3D models.’3-"” Those models
can address a wider range of ques-
tions than earlier models. Geometry
acquisition was often the most time-
consuming step for the modeler. This
process was prone to simplifications
and errors, which could affect the
results. Meshing algorithms based on
patient geometry, such as the CT
scan—-based finite element (FE)
model,’® have revolutionized this
process. For small objects such as
teeth, dental implants, and dental
restorations, a microCT scanner can
be used.’ However, considerable
work is required to obtain smooth tran-
sitions between the different 3D
objects (enamel, dentin, restoration)
and precise congruent parts (sharing
the exact same geometry at their inter-
face). When a given parameter is mod-
ified (eg, restoration size), a new and
separate model, including the time-
consuming geometry acquisition, must
be generated.

The aim of this investigation is
therefore to present a novel develop-
ment to facilitate and accelerate
geometry acquisition/modification

during the fabrication of FE models of
tooth restorations. In this method,
based on stereolithography (STL) and
surface-driven automatic meshing, the
model is built in multiple parts (using
segmentation and Boolean operations
with computer-assisted design [CAD]
objects) based on the geometry of the
unaltered tooth. Models of different
restorative conditions were generated
in an attempt to validate the numeric
data via comparison to existing exper-
imental data.

Method and materials
FEA preprocessing

A 3D FE model of an extracted human
maxillary premolar was generated in
three steps. A raw microCT set of slices
was provided by Digisens (Ferney-
Voltaire) with a voxel dimension of
13.67 um. A total of 1,582 slices was
provided, but only 113 slices (1 of every
14 slices) were used for the modeling.

First, an interactive medical image
control system (Mimics 11.1, Materi-
alise) was used to identify the different
hard tissues visible on the scans. The
Mimics program allows extended visu-
alization and segmentation functions
based on image density threshholding
(Fig 1a). Enamel and dentin 3D shells
(Fig 1b) are automatically created in the
form of masks by growing a threshold
region on the entire stack of scans.
With the Mimics STL+ module, enamel
and dentin were then separately con-
verted into STL files (STL, bilinear, and
interplane interpolation algorithm).
The aspect ratio and connectivity of
the triangles in native STLs are

improper for use in FE analysis (FEA).
To automatically reduce the amount of
triangles and simultaneously improve
their quality while maintaining geom-
etry, the REMESH module attached to
Mimics was used. The quality of the tri-
angles is defined as a measure of tri-
angle height/base ratio, so that the
file can be imported into the FEA soft-
ware package and generate optimal
data. The remesh operations were
applied separately to the enamel and
dentin STLs.

Second, to reestablish the perfect
congruence of the interfacial mesh
between enamel and dentin (this con-
gruence having been lost during the
previous remeshing process), an STL
handling software (MAGICS 9.9,
Materialise) was used through
Boolean operations (addition, inter-
section, or subtraction of volumes). A
congruent mesh at the dentinoenamel
junction was obtained, followed by
additional Boolean operations with
CAD objects to simulate a cylindric
fixation base (embedding the root
within 2 mm of the cementoenamel
junction), as well as different cavity
preparations (mesioocclusal [MO],
mesio-occlusodistal [MOD], and slots,
ie, independent mesial and distal
[SLOTS]) and corresponding restora-
tions. The exact design and dimen-
sions of each preparation are described
in Table 1 and illustrated in Fig 2. The
specific dimensions of the MO and
MOD models were chosen because
they reproduce existing experiments
by Gonzalez-Lépez et al,"'2 which
would be used in the validation process
of the FEA model (see Results section).

Third, the STL files of the seg-
mented enamel and dentin parts were
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Fig 1a (left) CT scan data as seen in
Mimics 11.1. The tooth is presented in three
different cross-sectional views and as a 3D
object. Masks have been applied to enamel
(white) and dentin (yellow) according to
voxel density threshholding.

Fig 1b (above) Three-dimensional repre-
sentation of dentin and enamel as a result
of segmentation in Mimics (transparent
rendering).

IR FEA geometry and characteristics for the different models

Volumetric mesh
No. of No. of
Model label Description Specific features elements nodes
NAT Intact natural tooth (unrestored) Maxillary first premolar 108,534 22,080
MO_CAV Unrestored tooth with MO preparation Occlusal width: 3.5 mm 107,238 22,174
Occlusal depth:3.5 mm
Proximal depth: 0.5 mm above CEJ
MOD_CAV Unrestored tooth with MOD preparation Occlusal width:4.0 mm 96,449 20,351
Proximal depth:at CEJ level
SLOTS_CAV  Unrestored tooth with independent mesial Occlusal width:3.5 mm 110,558 23,261
and distal slot preparations Occlusal depth:3.0 mm
Proximal depth:0.5 mm above CEJ
MO_CPR Tooth restored with MO composite restoration  Restoration size similar to 117,879 24,061
corresponding CAV model
MOD_CPR Tooth restored with MOD composite restoration Restoration size similar to 124,089 25,728
corresponding CAV model
SLOTS_CPR Tooth restored with independent mesial and Restoration size similar to 136,133 27,860
distal composite restorations corresponding CAV model

MO = mesioocclusal; MOD = mesio-occlusodistal; CEJ = cementoenamel junction.
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1112 Material properties

Elastic modulus (GPa) Poisson ratio
Enamel 0.30'8
Dentin 0.311°
Composite 10.0%0 0.247

then imported into an FEA software
package (MSC.Marc/MSC.Mentat,
MSC.Software). A volumetric mesh
was generated automatically, and
material properties were attributed
(Table 2).'821 The triangulated STL files
are optimal for automatic mesh gen-
eration using a tetrahedral mesher
(tetrahedron elements with pyramidal
shape and four nodal points).

Fig 2 Congruent STL parts of enamel and
dentin resulting from Boolean intersections
and subtractions between the original
enamel/dentin STLs and different CAD
inserts. The assembly of the different parts
results in seven possible models, ie the nat-
ural tooth (NAT), MO, MOD, and SLOTS
preparations as well as the corresponding
composite resin restorations.

Boundary conditions, loading
conditions, and data processing

The nodes at the bottom surface of the
stone base were assigned a fixed dis-
placement of zero in the three spatial
dimensions. The tooth and restorative
materials were assumed to be bonded,
simulating the use of enamel/dentin
adhesives. A uniform ramp load was
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Fig 3 Load protocol and configuration as
seen in Mentat, ie, a nonlinear contact
analysis between a rigid body (4.5-mm-
diameter load sphere moving along the
z-axis against the tooth) and a deformable
tooth. The widening of the cusps (Av) was
calculated from the output values of dis-
placement along the y-axis for selected
nodes near the cusp tip.

applied to the buccal and lingual cusps
through a rigid body, ie, a 4.5-mm-
diameter ball positioned as close as
possible to the tooth (Fig 3). In the
MOD model, the shape of the sphere
had to be modified to maintain enamel
occlusal contacts. The tooth was
defined as a deformable contact body
in a nonlinear contact analysis. Contact
between the ball (defined as a rigid

Force z

body) and the tooth was determined
automatically by the FEA simulation
during the static mechanical loading.
A uniform motion was applied to the
rigid ball along the z-axis through a
10-step procedure (negative velocity of
0.02 mm per step). Only one step was
required to reach contact with both
cusps. The motion continued for the
remaining steps to reach a total force

of approximately 160 N on the ball.
The MSC.Marc solver was used to
compute the stress and strain distrib-
utions. As mentioned earlier, these
specific boundary conditions, loading
protocol, and configuration were cho-
sen because they reproduced existing

experiments by Gonzélez-Lépez et
al 1112
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Table 3

FEA results and comparison with existing
experimental data (SD)

Widening (Av [um]) at 150-N load (force z)

Gonzalez-Lopez et al

SLOTS_CPR (M + D composite fillings)

Experimental condition FEA 2006’ 200772
NAT (intact tooth) 2.7 2.6(1.4) 29(1.7)-3.7(1.2)
MO_CAV (MO cavity) 5.0 7.2 (3.6)-8.0 (2.7) -
MOD_CAV (MOD cavity) 1794 114.4 (53.9)* -
SLOT_CAV (M + D cavities) 54 - -
MO_CPR (MO composite filling) 35 - 3.3(1.6)
MOD_CPR (MOD composite filling) 6.9 - 8.5(5.9)

3.8 = =

MO = mesioocclusal; MOD = mesio-occlusodistal; M = mesial; D = distal.

*With endodontic access.

Results

The MENTAT graphic interface was
used to access the postprocessing file
and select specific nodes on the buc-
cal and lingual enamel near the cusp
tip. The values for displacement in the
y-axis were collected for each loading
step (y+ denotes displacement in the
lingual direction and y— in the buccal
direction). The force along the z-axis on
the load sphere was also collected for

each step. These data were transferred
to a spreadsheet for calculation of the
widening (deformation) of the cusp (by
summing the displacement of each
cusp). A plot of the cuspal widening
against the force along the z-axis on
the ball is presented in Fig 4. The lin-
ear relationship between load and
deformation reveals the so-called “cus-
pal stiffness” (slope of the plot chart-
ing force versus deformation). The loss
of tooth substance (NAT to MO_CAV

Fig 4 Force generated by the load sphere (in Newtons) versus cus-
pal widening (in millimeters) for each experimental design. MO =
mesioocclusal; MOD = mesio-occlusodistal; SLOTS = independent
mesial and distal; CAV = cavity preparation; CPR = composite resin

to SLOTS_CAV to MOD_CAV) trans-
lated into a progressive loss of cuspal
stiffness, with a dramatic decrease for
MOD_CAV.

FEA validation

For validation of the models, the
widening of the mesial cusp at a load
of 150 N for all groups was extracted;
results are presented in Table 3, along
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Fig5 Cuspal displacement (along the y-
axis) in four of the seven models studied.
Colors indicate positive (palatal) displace-
ment of the palatal cusp; light gray = dis-
placement exceeding 3 um; dark gray =
negative (buccal) displacement of the lin-
gual cusp.

with results from existing experiments
by Gonzalez-Lopez et al,'"'2 who used
the same type of tooth, loading pro-
tocol (static load at 150 N), and con-
figuration.

There was a good association
between FEA and experimental val-
ues at each restorative step, with a dif-
ference of fewer than 3 um in most
conditions. A larger difference was
noted when comparing the MOD cav-
ity in the FEA to the experimental
study: 179.4 um versus 114.4 ym,
respectively. This discrepancy, how-
ever, lies close to the range of experi-
mental data when taking into account
the large standard deviations seen in
the experiment.

SLOTS_CPR

Discussion

The standard loading protocol applied
in the present analysis constitutes the
most discriminating technique to study
crown deformation; it also constitutes
a useful validation setup that mirrors
existing experimental cuspal flexure
measurements. Gonzalez-Lopez et
al'"12 used a precision micrometer to
measure intercuspal distance. Because
the precision of this device was around
1 pum, they were not able to measure
submicron displacements. Except for
MOD_CAV, the maximum difference
between the experimental measure-
ments and the FEA model was around
3 pum. Considering that the corre-
sponding standard deviations

MOD_CPR

reported by both articles far exceed
these values, the model can be con-
sidered valid. The results obtained with
composite restored teeth are in agree-
ment with conclusions by Douglas,’
who stated that their strength dimin-
ishes with increasing cavity size and
can only approach that of the unal-
tered tooth in the case of small con-
servative cavities, especially two-
surface preparations (MO or SLOTS).
Whenever possible during removal of
interdental decays, an intact marginal
ridge should be maintained to pre-
vent three-surface preparations, such
as the MOD and the high cuspal strain
associated with this design (Fig 5). The
same conclusions were drawn in the
validation studies."1?
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The approach described in the
present article resulted in valid 3D
models with very detailed tooth
anatomy and realistic computation.
Because of the previous limitations of
the geometry acquisition method (eg,
manual tracing of actual tooth sections)
and increased computer memory
requirements for 3D models, earlier
attempts to generate 3D models
resulted in much coarser meshes.
Some authors???3 digitized a plaster
model (crown portion) and extrapo-
lated the inner geometry (pulp, root
dentin, and enamel) using tooth mor-
phology data from the literature. The
development of a 3D FE model of a
restored tooth based on a microscale
CT data-acquisition technique was first
described by Verdonschot et al.'
However, the 3D geometry was
obtained through the stacking of
traced 2D sections, which still involved
a significant amount of manual work.
Moreover, the tooth was scanned after
being restored with an MOD compos-
ite, such that additional scans were
required to test other restorative
designs.

The approach used in the present
study suggests two significant
improvements. First, maximum
anatomic detail is obtained by sur-
face/interface-based meshing using
STL surface data. The different parts of
the model, featuring different mechan-
ical properties, are identified first (seg-
mentation process in MIMICS) and
meshed accordingly. Smooth and very
well-controlled representation of inter-
faces such as the dentinoenamel junc-
tion is possible because elements do
not overlap the different structures but
strictly follow their internal boundaries.

The second major development lies in
the versatility of the STLs, the sophis-
ticated visualization tools (shaded
wireframe 3D views, section views,
etc), and possibilities offered by the
Boolean operations. The general prin-
ciple of Boolean operations is that a
new object can be formed by com-
bining two 3D objects. Objects can be
united, intersected, or subtracted. An
essential property for the continuity
of the resulting volumetric mesh is that
a congruent mesh is assured at the
interface between the new objects
when intersecting or subtracting two
overlapping objects. Unlike Verdon-
schot et al,'* who had to “physically”
restore the tooth before scanning it,
Boolean operations with predefined
CAD objects (box, cylinder, cone, or
inserts) allowed the present authors
to “digitally” simulate successive
restorative procedures (see Fig 2),
maintaining the geometry of the unal-
tered tooth and allowing for direct
comparison with the different experi-
mental conditions. Through the very
user-friendly graphic interface of
MAGICS, rapid modifications of the
different parts are carried out and new
STLs are generated, instantly
exported, and volumetrically meshed
into the FEA program.

Only 113 slices were necessary to
generate these valid FEA models.
With the exponential development of
commercial dental CT scanners, com-
puter processing power, and user-
friendliness of interfaces, this approach
should allow for rapid fabrication of
patient-specific simulation of dental
restorations in the very near future.
Small differences may remain between
reality and the FE environment.

Numeric modeling, however, repre-
sents a unique way to reveal the oth-
erwise inaccessible stress distribution
within the tooth-restoration complex,
and it has proven to be a useful tool in
the attempt to improve the under-
standing of tooth biomechanics and
the biomimetic approach in restorative
dentistry.?4

Conclusion

A rapid method for the generation of
finite element models of dental struc-
tures and restorations has been pre-
sented. Detailed 3D FE models of a
premolar tooth with different cavities
and restorative designs were gener-
ated. The potential use of the model
was demonstrated using nonlinear
contact analysis to simulate occlusal
loading. Cuspal widening was corre-
lated with existing experimental data
for model validation and optimization.
The model confirmed that, whenever
possible during removal of interden-
tal decay, an intact marginal ridge
should be maintained to prevent
three-surface preparations such as the
mesio-occlusodistal and the high cus-
pal strain associated with this design.
This simulation method is rapid
and can readily be used for other med-
ical applications to create patient-
specific models from any other body
part using either magnetic resonance
imaging or computed tomography
data. Further, this methodology could
facilitate optimization and under-
standing of biomedlical devices prior to
animal and human clinical trials.
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