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Abstract. The purpose of this investigation was to carry out experimental as well as theoretical evaluations of the
mechanical behavior of maxillary central incisors under the action o 45 — degree, static, concentrated forces. Inthe
experiments, thirty specimens were clamped in steel ringsfilled with acrylic resin and tested to failure in an INSTRON
machine. The applied forces and the corresponded displacements were recorded. Numerical models of this situation,
based on2-D aswell as 3-D meshes, were aeated using the finite dement code ANSYS. In addition, using the same
program, another group o modelswas smulated. Inthe second group, the acrylic resin and sted rings were replaced
by the maxillary bone, in order to ssimulate the buccal environment. The arrelations involving the global apparent
stiffnessof the first group of numerical models and the experiments were fairly good. On the other hard, the stiffnessof
the second group of models, on the main, was sgnificantly higher in comparison with the values calculated fromthe “in
vitro” experimental results.
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1. Introduction

The biomecdhanicd functions of tegh generally result in medhanicd stresses which are transferred from the
occlusal surface to the outer hard and brittle enamel layer, across the dentin-enamd junction and findly into the
relatively soft but tough dentin region. Sincethe medhanical properties of the material in each of these regions are not
the same, the stressanalysis problem in atoath subjected to hiting forcesis not smple. The location of the incisorsin
the mouth, as well as the different toath regions of a healthy upper central incisor, in particular, including the maxillary
bone, areillustrated in Figure 1. Understanding the details of the stressdigtributions and magnitudes, the resulting
strains and displacements, and their relations with the structure of the tooth and its surroundings, can provide insight
into the manner in which teeth function, aswell as better prognosisin clinical practice and possbly also new ideas for
improving synthetic materials. Studiesto oltain such important informations can be based on theoretical analysis, as
well as”in vitro” experiments, or in a combination of bath.

As far as the theoretical approach is concerned, the Finite Element Method (FEM) has become an important and
popular numericd technique in stressanaysis of engineaing structures and has been applied to dental biomechanics for
more than two decades Thresher and Saito (1973), Farah et al. (1973), Ho et al. (19%), Yaman et al. (1998. In
particular, the FEM has become widely used for the stressanalysis of biological structures subjected to mechanicd
loads becuse it can model complex geometricd shapes and materials that are not homogeneous. The FEM program
ANSYS was used in the numericd analysis carried out during the course of thisinvestigation.
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Figure 1 — Location of a central upper incisor and its main regions when clamped in the maxillary bone.

The present study analyses the stressdistributions and the displacementsin a maxillary central incisor subjeded to
a static force (F) applied in theincisa edge, about 4 mm from the tip of the aown, with an inclination (6) of about 45
degrees relatively to the longitudinal diredion of the toath (i.e. diredion Y), as diown in Figure 1. The investigation
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included “in vitro” experiments, using an INSTRON machine, as well as 2-D and 3-D numerical simulations based on
two kinds of FEM models.

2. Materialsand Methods
2.1 Experimental aspects

During the experimenta phase of this work, eighteen (18) extracted upper central incisors, in average about 26
mm long, and freeof cervical caries, were used. Foll owing the recommendations presented by Dean et al. (1998, eight
(8, the mntral group), out of these éghteen teeth, had crown preparation, but no endodontic treatment. The remaining
ten (10) spedmens recaved both endodontic treatment as well as crown preparation, and their roats, in which the total
length varied from 14.5 to 16.5 mm, were restored with a Degussa-Huls cast silver alloy (Luz, 199; Levy Neto et al.,
2001). All the aghteen spedmens had their roats clamped into rings of stainless $ed, which were 23 mm long and had
an external diameter of 19 mm, using acrylic resin. The rings were fixed into placein a spedal device as $.own in
Figure 2, andtested to failure using an INSTRON machine. A forceF, in which the maximum magnitude was 100 N,
was applied to al spedmens, and therate of verticd displacement during the tests was 0.5 mm/min.
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Figure 2 — Lateral view of the device developed for the destructive evaluation of the tedh.

For the aghteen teeh tested in this study, the origina crown was cut out 1 mm above its base (i.e. a the
roat/crown junction), and the distance from the top of the recnstructed crow to its base was gandardized with 10 mm.
The aowns were remnstructed wsing the resin restorative Z-100 from 3M, which was chosen because its
polymerization is rapidly activated in the presence of light. The position of all the teeh insde the sed rings was
carefully examined in each case. In average, for the teeth tested in this gudy, the Meso-Distal aswell asthe Vestibular-
Palatine distances of the aows were approximately 8.5 and 7.5 mm, respedively.

An additional group of twelve (12) spedmens were also tested to failure in the INSTRON machine, using the
same procedure described above (Brito, 2000; Brito et al., 2002). This group consisted of twelve identicd, 14.9 mm
long, plagtic analogous of teeh roats (Viade Products Inc.), simulating endodonticaly treated maxillary central upper
incisor roats, which were restored with a cast slver aloy (Silver Prataloy Degussa-Huils) and recéved crown
preparation. The transparent plastic roats were subjeded to a spedrometric identification, using a 1750 (FTIR)
PERKIN ELMER infrared spedrophotometer, which suggested that the materia is a copolymer of styrene and ply
methyl methacrylate (Takahashi, M.F.K., 2002). From the tota length of 14.9 mm, the plagtic roats have two main
regions: (i) 11.6 mm is a hollow segment and corresponds to the mnduct which is prepared to acoommodate the
metallic restoration of cast silver, and (ii) the remaining 3.3 mm, at the end o the roat, isa solid seal. In totd, thirty
(30) spedmens were tested: (i) eight natural roats with crown preparation; (ii) ten roats endodonticaly treated and
restored with cast sil ver, as well as with crown preparation; and (iii) twelve plastic analogous roats restored with cast
silver and with crown preparation.



In order to make sure that the sted rings and the tegh were cantralized with resped to each other (i.e. with their
longitudinal central axis coincident), a spedal circular device with four adjusting screws, perpendicular to each other,
asillugrated in Figure 3, was manufactured with the purpose of holding the teeh along the axis of revolution of the
sted ring, during the polymerization of the acrylic resin Levy Neto et al. (2000. Then, the longitudina diredion of
the teeh was always paral d to the coordinate Y. This procedure dso made easier the applicaion of the forces at the
same point when each of the spedmens were tested, contributing for the repeatability of the tests conditions. All
spedmens were subjected to a 45-degreeload, reatively tothediredion Y, applied monotonically at a constant rate of
0.5 mm/min, until fail ure occurred.
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Figure 3— Cross ®dion of the drcular device used to centralize the tegh.
2.2. Finite dement modeling
2.2.1 Teeth clamped in the maxill ary bone

In theinitial phase of this study, atwo-dimension (2D) linea analysis, asauming that the toath isin a plane strain
state, was adopted (Albuquerque @ al., 1999). The dement chosen for the finite dement mesh was a six nodes 2D
triangdar element, in which the shape functions of the displacements are quadratic, allowing the stresses and the
strains to vary continuously within the dement (ANSYS, 1997). In the 2-D meshes, which included at least 1258
elements, each one of the regionsillustrated in Figure 1 had a different set of medhanical properties (Levy Neto et al.,
2001)). The materid inside each element was considered to be isotropic and homogeneous, and their elastic properties
(Elasticity Modulus, E, and Poison ratio, v), acocording to Albuquerque d al. (1999) and Graig (1989, are shown in
Table 1. The geometry of the pulp was approximated by a combination of conicd and cylindrical segments.

Table 1 - Elastic properties of materials (Albuquerque @ a., 199; Graig 1989.

MATERIAL Elagticity M odulus [GPa] Poisson Ratio
Enamel 410 0.30
Dentin 186 0.31

Pulp 0.002 0.45

Cortical Bone 137 0.30

Alveolar Bone 1.37 0.30
Acrylic Resin 2.76 0.35
Silver Alloy (Degussa) 76.0 0.37

The 3-D FEM meshes, based on ten nodes tetrahedron elements, were obtained extruding the 2-D meshes, along
the diredion Z, by 8.5 mm. The FEM mesh shown in Figure 4 refers to the 3-D mode that includes the toath (crown



and dentin) and the maxillary bone (corticd and aveolar). Inthe 3-D meshes, which included at least 9013 elements,
the region associated with the pulp, in the @ase of the natural toath, or a metdlic core, in the @ase of a toah treaed
endodonticdy, was centraized, relatively to the diredion Z, and extruded by 2.6 mm. The remained vdume aound
was completed with dentin. The medanicd properties in each region, assumed to be isotropic, were obtained from
Table 1.
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Figure 4 — FEM mesh for the central upper incisor and the maxil lary bone.

In the 2-D analyses, al the nodes located along the top horizontal line where the maxill ary bone ends, as shown in
Figure 1, were fully clamped (i.e. all degrees of freedom restricted). Inthe 3-D anayses, inasimilar way, all the nodes
located at the (X,Z) top plane, corresponding to the end o the region of the maxillary bone, asillustrated in Figure 4,
were damped. The degress of freedom of the remaining nodes, for the 2-D and 3-D meshes, were free

2.2.2. Teeth clamped in acrylic resinring

In the other FEM 2-D and 3-D meshes, corresponding to the simulation of the experiments carried out so far, the
regions asociated to the rtical and the alveolar bones were replaced by a single region with the geometry and the
elastic properties of the cylinder of acrylic resin surrounding the toath. The acrylic resin, as shown in Figure 3, was
used to fix the toath inside agtainless $ed ring. Due to the fact that the acrylic resin is completely surrounded by the
sted ring, whichisabout 70times differ than theresin, all the degrees of freedom of the nodes located at the external
surface of resin were totally restricted to smulate aboundary conditi on of perfea clamping.

2.2.3. Additional features of the finite dement models

In all the linear dastic smulations caried out in this study, for the 2-D and the 3-D FEM meshes described in
sedions 2.2.1 and 22.2, theload assumed as ocdusal force was always F = 100N, which corresponds to the average
value of the biting force in a central incisor found in the literature (Graig, 198 and Ho et al., 1994). In the
experiments aswell asin the numericd simulations F was applied in theincisa edge of the teeth, about 4 mm from the
tip o the crown, as shown in Figure 1. The force F always belonged to the plane (X,Y) and was inclined by 45 °
relatively to the X diredion. In the 2-D meshes F was applied to a single node, whereas for the 3-D meshes it was
distributed along aline of nodesin the Z diredion. In bath cases, the resultant of F was equal to 100 N.

The number of elementsin the 2-D and 3-D meshes was increased until convergencein the numerical results was
observed. In this gudy in particular, the maximum horizontal displacement at the tip of the tegh was adopted as
reference in the convergence analysis. Overal, depending on the boundary conditions and the materials involved,
twel ve different types of model (6 for the 2-D and 6 for the 3-D analyses) were aeated using the proggam ANSY S,

3. Experimental and Numerical Results
3.1. Experimental Results
Thefailureload (Fuax), for the eéght natural roats with crown preparation tested (i.e. the cntrol group), varied

from about 441 to 1303 N. The average and the standard deviation were 1031 N and 28 N, respedively, and the
coefficient of variation about 28%. In most cases, the diagram relating the gplied force (F) and the vertical



displacement imposed by the INSTRON machine (& = [(3x )? + (3y)?]¥? ) was a straight line, from about the onset of
loading to point corresponding to the maximum force (F yax ), asshown in Figure 5.a

In the remaining few tests involving the natura roats without endodontic treatment, instead of a single straight
ling, the diagrams presented two segments of straight line, with dfferent inclinations, asillustrated in Figure 5.b. In
al theseinitia eight testes, the behavior of the teeth was typically brittle, and the values of F yax were well above the
biting force F =100 N, ohtained from the literature (Graig, 198 and Ho et al., 1994). The maximum displacement
imposed by the INSTRON machine upon these spedmens at their final failure ( § ) varied from 0.32to 0.86 mm. The
average and the standard deviation were 0.55 mm and 020 mm, respedively, showing a great deal of scatter. Such
displacement values, however, are very small reatively to the average dimensions of the tegh: length of 26 mm;
meso-distal distance of the crown 6.5 mm; and vestibular-palatine distance of the adown 7.5 mm, indicating that the
medhanical behavior of thetedh is brittle.

The behavior of the other twenty-two spedmens was smilar to those presented above, and only some dlight
differences were observed. The failure load (F yax), Of the ten natural roats restored with cast silver and with crown
preparation tested, varied from about 569 to 1560 N. The average and the standard deviation were 1090N and 317N,
respedively, and the wefficient of variation about 29%. The main difference from the results presented in Figure 5.a
and 5.b wasin thefinal failure which was not as brittle as before, but rather progressve instead, as shown in Figure 6.a.
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Figure 5 — Force— displacement diagrams of the test results of the eéght natural roats with crown preparation.
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Figure 6 — Force— displacement diagrams of the test results of the ten spedmens with restored natural roats (6.a), and
the twelve specimens endowed with anal ogous plastic roats.



Finally, the failure load (F ywax), Of thetwelve plastic roats restored with cast silver and with crown preparation
tested, varied from about 726 to 1118 N. The average and the standard deviation were 859N and 129N, respedively,
and the wefficient of variation about 15% . The main dfferencefrom theresults presented in Figure 5.aand 5.b was in
the final portion of the force displacement diagram which presented a nonlinea behavior previoudly to the final failure,
as shown in Figure 6.b.

3.2. Numerical Results
3.2.1. Model Toath —Maxillary Bone

The 2-D numerical models are rather limited and were used in this sudy mainly as an intermediate step towards
the 3-D modds. For instance the extension of the pulp aong the coordinated Z (as illustrated in Figures 1 and 4),
corresponding to the meso-distal diredion of the toath, is only afraction of the total width at the base of the crown. In
an average male cantra incisor this width is about 8.5 mm, while the extension of the pulp (centraized aong the
diredion z) isapproximately 2.6 mm (Picosse, 1987). Thisdetail was only taken into account in the 3-D analyses.

From the 2-D FEM model concerned with the natural tegh (control group) in particular, which includes the
maxillary bone and uses as masticaion forceF = 100 N, the foll owing results were ohtai ned:

- Displacement &y (along X), varying from 0to 0.72. 10 3 mm;

- Displacement &, (along Y), varying from—0.67.10%t00.15.10° mm;
- Normal stressalong Y, oy, varying from —64.7 to 46.0 MPa; and

- Equivalent von Mises gress o,y , varying from 0.01 to 52.50 MPa.

The digribution of the numerical values of dx for the @ntrol group is presented in Figure 7, indicating that &y
increases from the from the clamped base at the maxillary bone, towards the tip of the toath in the adown. The
displacementsaong Y, &y, and the normal stresss oy , indicated that the vestibular (or labia) edge (facing the lips) is
compressd (o < 0) and that the palatine adge (facing the tongue) is subjected to tensil e stresses (o > 0) (Levy Neto et
al., 2009).
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Figure 7 — Distribution of displacementsalong X [m] for the 2-D analysis concerned with the natural teeh.

The values of the equivalent von Mises gresses obtained from the 2-D models, o,y , suggested that the equivalent
stresses are higher at the external barders, rather than in the central regions of the teeh, even for the tegh restored with
metallic cores (i.e. cast silver). For the natural teeh, the stresses in the region corresponding to the pulp are
significantly reduced due to the fact that elasticity modulus of the pulp isnegligible in comparison to the modulus of the
dentin

From the 3-D models, the maximum von Mises sresss, o,y , were obtained for each region of the spedmens (i.e.
dentin, enamel in the crown and maxillary bone): (i) with natural roats and crown preparation (control group); as well
as (ii) with natural roats and restored with sil ver, and presented in Table 2.



Table 2— Maximum von Mises equivalent stresss at the different regions of the 3-D mesh.

REGION M aximum von Mises gresss, o,y [MPa]
CONTROL GROUP RESTORED WITH SILVER

DENTIN 16.4 18.1

ENAMEL 27.1 26.6

CORTICAL BONE 38.0 38.9

ALVEOLAR BONE 8.03 9.12

3.2.2. Model Toath —Acrylic Resn

In addition to the results presented in Figure 7 and Table 2, based on the 2-D and 3-D FEM models, respedively,
and concerned with the buccal environment, another numerical ssimulation in which the maxillary bone was replaced by
acylinder of acrylic resin, and correspondingto the “in vitro” experiments, was carried aut. The ocdusal forceused in
thisnew modd, F=100 N, was same asin the previous FEM models. In particular, dueto the fact that the elagticity
modulus of the acrylic resin, E = 2.76 GPa, is sgnificantly lower than the dasticity modulus of the @rtical bone, E =
13.7 GPa, aspresentedin Table 1, the displacements oltained from these additional smulations, which are concerned
with the “in vitro” testsiillustrated in Figure 2, were much higher. Since the assumed mastication force F = 100 N,
was the same in bath models, the global apparent stiffness of the system, K (ratio of F = 100 N divided by the total
displacement at the point of applicaion of F, given by equation 1), was reduced when the bone was replaced by the
resin. Inthe simulations concerned with the spedmens which incorporated the analogous plastic roats, it was assumed
that the dasticity modulus of the styrene and poly methyl methacrylate awpolymer was E = 5 GPain the first simulation
and E = 10 GPain the secnd.

J82+32

where;

Fistheforceof 100N, applied with an inclination of 45°, 4mm below of thetip of the crown, as shown in Figure 1;
0, isthe defledion at the point of applicaion of F, dong the diredion x, transverseto F;

0, isthe defledion at the point of application of F, aong thediredion y; parallel to F; and

K isthe gparent stiffnessof theteeh.

The theoretical magnitude of the displacements along the diredions X and Y, for the tegh of the cntrol group, in
anode dose to the point of application of the force F =100 N, predicted by the 2-D mode that includes the acrylic
resin, as described above in the sedion 22.2, were dx = 0.0336 mm, and &y = 0.0023 mm, respedively. Such
displacements are well above the range of displacements obtained with the previous modd that includes the maxillary
bone (according to sedion 2.2.1), instead. In bath numerical models, the calculated values of oy are larger than those
of dy.

For the control group, for ingance, the average maximum displacement imposed by the INSTRON machine (9 |
max ) during the tests, at the failure point, was approximately 0.546 mm. The average failure force that caused this
displacement was about 1031 N, which is 10.31 times the mastication force used in the FEM moddls, F=100 N. The
value of & is the total displacement imposed by the INSTRON machine at the failure point, in the diredion of the
applied force The experimental apparent tiffnessin this case is 1031N/0.546 mm, which is equal to 1888 N/mm. The
theoretical mastication force however, has an inclination of 45 degrees relatively to the mordinates X and Y, as
shown in Figure 2, and the displacements given by the program ANSY'S (& , and 6 ) are the projedion of the total
displacement aong these diredions. All these details were taken into acocount in the cdculations of the apparent
gtiffness K, acoording to equation (1), using the values of obtained from the 2-D and 3D numericd simulations. In
Table 3 the apparent giffnessobtained experimentally (Kexp) and numerically (K.p, Ksp) are presented for the three
groups of teeth analyzed in this study. For the third group in particular, two different values for the dasticity modulus
of the plastic roats (E = 5 GPa and E = 10 GPa) were used in the FEM simulations. Such results correspond to the last
two rows of Table 3.

According to the results presented in Table 3, for the threegroups of spedmensincluded in this investigation, the
experimental apparent giffness of the tegh are significantly lower than the numerical predictions. So, the FEM
simulations, in particular the 3-D models, seam to overestimate the gtiffnessof the structura system composed by the
clamped teeth and the blocks of acrylic resin.  In the buccal environment as well in “in vitro” experimentsthe tegh are
never perfedly clamped to a structure which in infinitely rigid. So, the global stiffness tends to ke higher in the
numerical models, in which a group of nodes in the structure, for instance, can be assumed to be perfedly clamped.




Table 3— Experimental and numerical predictions of the goparent stiffness(K) of thetedh.

Apparent Stiffnessof the teeth, K [N/ mm]

Experimental Results FEM Simulations (seesedion 3.2.2)

No. of Spedmens/Type K exp K 2p K 3p
8/ Control group 1888+ 1003 2976 4611
10/ Natural roat + silver 1739+ 432 3094 4835
12/ Plasticroat + sil ver 1075+ 305 2018" 3204°
12/ Plasticroat + sil ver 1075+ 305 2519" 3937*

Obs.: " plagtic roats with E=5 GPa; and ™ plastic roots with E=10GPa, in the simulations.
4. Discusson of the Results

The force— dsplacement diagrams obtained from the “in — vitro” experiments, asillustrated in  Figures 5.a, 5.b,
6.a and 6b, inwhich the values of Fyax and those of the forces associated with the kneein the diagram of Figure 5.b
were well above the madtication force suggest that the linear elastic model adopted in this gudy was a corred choice
to simulate the medchanicd behavior of the cantral upper incisors.

The much lower displacements obtained from the model that includes the maxillary bone, in comparison with
those concerned with the model in which the bone is replaced by a block of acrylic resin, indicae that the stiffness
provided by the bone is significantly higher. However, the soft periodontal tissue that exists between the bone and the
roat of thetoath (Gel et al., 2002) was not taken into acoount in the present study. It is the intention of the authors, in
due murse, to include the presence of the periodontal tissue in the next FEM simulations.

The cmmponents of the masticaion force F, dong X and Y, Fx and Fy, cause very different mechanical effects
in the teeh. The component F, produces longitudinal compressve stresses, while Fx isresponsible for two additional
effeds. (i) transverse shea forces; and (ii) bending moments. The bending moments themselves generates tensile
stresses on the palatine face of the teeth, and compresson on the vestibular (or labial) face So, the response of the
teeh to Fy is similar to that presented by a cantilever beam. In bath, 2-D and 3-D FEM simulations, the displacements
Ox (see Fig. 6), duetotheaction of Fyx, were larger than &y , dueto the action of Fy, mainly towards the tip o the
teeh, where the difference between &y and dy ismaximum (i.e. dx >> dy), suggesting that the bending effects are very
important in the stressanalysis of central upper incisors.

According to the results presented in Table 2, obtained from the 3-D FEM models, there is an indicaion that
presence of the gt silver corein the restorations: (i) increases the equivalent von Mises gresss in the dentin, cortical
bone and alveolar bone, dlightly; and (ii) reduces such stressesin the enamdl.

5. Final Conclusions
The main conclusions oltained from the initial results of thisinvestigation were:

- The average experimental maximum loads (F.) for the: (i) control group (1031 N); (ii) group in which the
natural roats were restored with silver (1090 N); and (iii) group in which the plastic anal ogous roats were restored
with silver (859 N), were very close to each other, indicating that after an endodontic treatment, that makes use
of cast silver, the original strength of a healthy roat can be recvered;

- The guivalent von Mises gresses are much higher at the periphery of the incisors rather then towards its center;

- The tedgh are subjeded to a combination of stresses due to the simultaneous action of longitudina compressve
forces; transverse shear forces; and bending moments, and the sign as well asthe magnitude of these stresses vary
fromregion toregion. Acoording to the 3-D FEM model, the most stressed region isthe rtical bone;

- Most of the displacement takes placein the upper portion of thetoath, whiletheroat is nealy stationary, and the
displacements (8x) along the transverse diredion (X) were larger than those (8y) along the longitudina diredion
(Y) of the spedmens,

- Thevalue of the magtication force, F =100 N, fel in the very beginning of the linea eastic portion of all the
diagrams F - o obtained experimentally. So, the use of a linea analysisin the FEM models was justified; and

- Thedisplacement fidd was sgnificantly affeded when the maxillary bone was replaced by the acrylic resin in the
initial FEM model. The global stiffness of the second model dropped due to the higher flexibility of the resin.
Conclusive results about which modd is more accurate ae not available yet. The influence of the periodontal
tisaue (thin layer of soft material around the roat) on the global stiffness must be taken into account in future
studies.
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