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Abstract

A generalized self-consistent model of cylindrigatlusions in a homogeneous and
isotropic matrixphasewas used to studythe effects of tubule orientation on tleastic
properties of dentin. Closed forexpressions fothe five independent elasticonstants of
dentin were derived in terms of tubule concentratom theYoung’s moduli and?oisson
ratios of peri— and intertubular dentin. Astomic force microscopg AFM) indentation
technique determined th&oung’'s moduli of the peri- and intertubular dentin as
approximately 30 GPa and 15 GPa, respectively. Over the natural variation in tubule density
found indentin, there waenly a slightvariation in the axiabnd transverse shearoduli

with position inthe tooth,and there was no measurable effect of tubule orientation. We
conclude that tubule orientatidras noappreciable effect on the elastic behavior of normal
dentin,and that the elastigproperties of healthy dentin can be modeled as an isotropic
continuum with a Young’s modulus approximately 185Paand a shear modulus of 6.2

GPa.
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Introduction

Dentin, the mineralized tissue forming the bulk of theth, lies between thenamel
and the pulp chamber. It has a characteristic microstructunrgsting of a hydrateshatrix
of type | collagen that is reinforcedth a nanocrystalline carbonated apatitéis matrix
phase lies between nearly cylindrical tubules that run from the dentin-enamel junction to the
pulp chamber. The tubules are the pathways ofaitmeative odontoblast celleind, as they
move inward during formation ofthe crown, theubule numerical density increases 2-4
times with depth [Marshall,1993]. The tubule lumens, which amughly 1 pm in
diameter, aresurrounded ofdined by a hypermineralized cylinder of peritubular dentin
composed largely of apatite that is also roughly 0.5- 1.5 um in thickResgormation of
the peritubular dentimccursafter mineralization of thenatrix, and may be formed as a
passive precipitation rather than asaative part of the mineralizatioprocess[Ten Cate,
1994]. It has not been establishethé peritubular dentin serves any role in enhancing the
mechanical properties of dentin tissue.

The elastic properties of dentin are of considerable importance for understanding the
mechanical properties of calcified tissueggneraland for understandinglterations in the
mechanicatesponse of such tissues @etermined by disease and age. In addition it is
important to understanthe elasticresponse ofdentin to external loading, akis has
important implicationsfor understandingmasticatory loading effects, the effect of
microstructural alterations due ¢aries,sclerosis, anaging, aswvell as understanding the
effects of thewide variety of restorative dent@iroceduresthat rangefrom preparation
design to bonding methods.

In spite of its importance, there is great inconsistency with the repatees of the
Young’'s modulus of dentin. Measurementstloé Young’s modulus span &nge from
about 10 to 20 GPa, arange that appears to be independent of testing methalbléstpe
Furthermore, it is interesting to note that despite marked advandeshirourtheoretical
understanding of the mechanics of composite structuregrgmdved testing methods, the
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large discrepancies in measuredues of the elastimodulus persist, as demonstrated by
two recently published papers that report values of 20.3 and 8.7-11.2 GPa, resg&ctively
et al. 1998; Merideth, et al. 1996].

The large discrepancy in the elastimodulus of dentin reflectthe difficulties in
performingmechanicatests onsmall specimens. It is also trileat measurements can be
affected by variations in specimen wetngasssiblevariations in mineralizatiorand tubule
density and orientation. Clearly, an accurate determination of the elastic properties of dentin
would benefit from a model that accounts for tisgagability in terms of dimited number
of properties that can be accurately measured.

Dentin can be analyzed at many length scale hierarchies. At the microlssehic
dentin can be studied as an aggregatmiokraland collagen. At the microstructuiatel,
dentin is composed of cylindrical tubules interpenetratingadially mineralized matrix
phase of type | collageifinally, at the functional, or continuutevel, dentin looks like a
homogeneous substanttet fills the spacdetween the enameind thepulp. Previous
attempts to model the elasficoperties of dentimavefocused orthe constituent materials
properties at the microscop&vel, andhaverelied onbounding principalsuch asVoigt
and Reuss or Hashin-Shtrikmffatz, 1971]. In boundingnodels, the elastic behavior of
dentin is determined only bthe relative volumefractions of the collagen anchineral
phases. Fodentin, howeverthese model$ave proved to be of littlevalue because the
elastic properties of the two constituent phases differ by several orders of maghitodi.
the only use for bounds is ascheck on thevalidity of any othertheoretical model: the
Young’'s modulus ohealthy dentin cannot exceed 40 GRar, be lesghan about 55Pa.
Suchwide bounds dmot helpwith the assessment dhe reliability of the experimental

measurements, since most reported measurements lie within these upper and lower bounds.

Christensen and Lo [summarized in ChristensE990] have developed a

micromechanics model of cylindricahclusions in a homogeneousatrix phase. This
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model is quite powerful in that it covers the complete rangsos$ible inclusiordensities,
and presentsimple analyticalexpressions fothe elasticconstants.The purpose of this
paper is to extend this model to dentin. The model requires two measureme¥turigées
modulus ofthe matrix phase (intertubular dentin) artde modulus of the cylindrical
inclusion (the tubule lumen with its surrounding peritubular cuff). We repervalues for
these moduli based oatomic force microscopg AFM) indentation of fully hydrated
specimens, and use them to predict the continuum etmsperties of dentin. We then use
the model to test thieypothesighat the elastiproperties of dentin are dominated by the

matrix, and that the dentinal tubules contribute only slightly to the mechanical properties.
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Materials and Methods

micromechanics model

The micromechanics model of denfiroposecdhere is a straightforward extension
of the generalizedself—consistentformalism, also called the three—phasemodel, of
cylindrical inclusions in a uniform matrighasethat was pioneered b@hristensen and Lo
[Christensen 1990]. Ithe original presentatiorijoth the matrixphase andhe material
comprising the cylindrical inclusiowereassumed isotropic. Transverse anisotropy of the
composite structure was imposed by tlagallel alignment of the cylindricatclusions. A
boundaryvalue problem was formulated by embedding a cylindrical inclusion into the
matrix, with the areafractions adjusted to accoufdr the correct concentration of the
inclusions. This two phase modeas then embedded in affective medium that matched
the continuum properties of the bulk composnéath this model, analyticsolutions for the
five independent elastic constants were obtained without restrictions on the concentration or
symmetry of the cylindrical inclusions.

The axialYoung’s modulusvas derived as &unction of the concentratio(areal
fraction of the inclusions crossing the plane normal to thr@ntation,c) of the inclusions,
the Young's moduli ofthe matrix E,) and cylindrical inclusionE), and afactor, y; that

depends upon the difference in Poisson ratio between the two phases [Christensen 1990]:

E,, = CE, +(L=0)E, +y(C. Vi, Vo ly K K) (1)
In this formalism, v, v,, W, K., K, andk,, are thePoissonratios, shearmoduli, and bulk

moduli of the inclusion and matrix respectively.

The axial shear modulug,,, was derived as fanction of the concentratioe, and

the independent shear moduli of the matrix and inclusion phases:
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My _ Hi(1+C)+ g, (1-c)
My He(1-c)+p,(1+c)

(2)

Finally, the transversshear modulugy,,, was obtainedrom the solutions of aguadratic
equation:

D 23|f D 23|:| —
Agﬁ% +2BEHLE+C =0 3)

m

where the coefficients A, B, and C are algebraic expressions given in Christensen (1990).
To apply this model todentin, we assumedthat the tubule lumerwith its
surrounding,coaxial peritubularcuff could be modeled as @ylindrical inclusionwith a

Young'’s modulusk;, given by:

T L (4)
f ptg‘ Abt"'AE

where A is the lumenarea,and E,, and A, are theYoung’s modulus ancarea of the
peritubular dentin. From the assumption that the constituent p{iateggibular matrix and
peritubular dentin) are elastically isotropic, the values for the sheaandbulk, k., moduli

of the matrixphaseweredetermined fromthe measure&oung’s modulus othe matrix

phase from the relations:

Hn = o+,
(5)
—_ Em
n = 3(1-2v,)

wherek _ is the bulk modulus of the matrix phase. Similar expressions applygodk, as

well. From the aboverelationships(given in completdorm in Christensen 1990gll of
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dentin’s continuum elasticproperties could be described in terms of three measurable

parametersc, E,, and E;.

specimen preparation

Six partially erupted human third molars with visible orradiographicevidence of
carieswere used for this studyThin (1 mm) transversslabs throughthe mid—coronal
dentinwere cutfrom each toothwith a slow speed diamondaw (Isomet, Buehlemynder
constant irrigation. Thelabswere assigned randomly to one tfo groups (n=3). For
Group 1, cubes ofl—-mm side lengthwere preparedwith the tubules intersecting the
superior and inferior cube faces and runnpagallel with the lateratube faces (see Figure
1). Group 2specimensvere left asslabs.The specimensgverepolished in stages through
0.05 pumdiamond and then rinsed wmaterand ultrasonicated teemove thesmear layer.
After rinsing, thespecimenswere allowed todry in air up to severdays untii AFM

indentation was performed.

AFM indentation

The specimensvere imagedand indentedusing a specially modified atomic force
microscope (Nanoscopi!, Digital Instruments, Santa Barbara, CA). The modification
consisted of replacinthe AFM cantilever/tipassemblywith a transducerdriven head and
tip (Triboscope, Hysitron, Minneapoli§JN) that allowed theAFM to operate both as an
imaging and an indentation instrument. This modificat@s been described imetail
elsewhere [Balooch, et al. 1998].

The AFM was usedinitially to image the specimergnd siteswere selected for
indentation. The AFM tip was then brought in contaith the surface andhe force on the
tip was ramped linearly to betweetD0—700 micro Newtons, depending owhether
indentationsvere made inntertubular or peritubular dentin (attempt was made to keep

the indentation depth constant, so asntnimize tip areaerrors). Thismaximum force was
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held constantor a brief time interval,and was then decreased linearly to zero. firhe
increments weréwvo seconds foeach segment of the loading profjeee Figure 2a). The
load displacement profiléor a typical specimen isshown in Figure 2b. Apolynomial
expressionP,, for the unloadingcurve wasobtained from a leagtquaresiit of the data

between 20% and 95% of the maximum force:

m
R =B(h-hr) (6)
whereh was the indentation depth, was the indention depth at zeimce, and B and m
were determined from a leastquaresfit of the unloading data. Thderivative of the

unloadingcurve evaluated at thgeak force provided the contastiffness, §JOliver and

Pharr, 1992]

_ drR,

= b e :mB(h

max hf )m_l (7)

Care was taken teemove theuncalibrated machine complianég, which was associated

with the tip shaft and sample mounting from each indentation:

1
= [W9-c] ®)

andC_ was determined by comparing compliance datandentations at different depths
[Kinney, et al., 1996].

The indentation modulug;, was determinefrom the measured contastiffness,
S, and thecontact areafor each indentationd, that wereobtained fronthe contact depth

and the diamond—tip shape calibration [Doerner and Nix, 1986]:
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The Young's modulus ofthe probedspecimenE, was then obtaineffom E and the

known modulus of the diamond indentér,

1* _ (1— vg) .\ (1— viz) (10)
E Es &

The intertubular dentin in th&roup 1specimens was indented at 5 pmtervals

approximatelyl00 pminwards fromthe cube edge in a direction parallgth the tubule
axis. The specimensverethen rotated 90and indented along the direction normal to the
tubule axis. Carevas taken to make indentations in the saegon of dentin to test for
material anisotropy. Because these measurements required frequent repositioning of the
specimen, it was difficult to fully immerse tleeibes inwater. Therefore, theubeswere
indented dry for this part of the investigation.

The Group 2specimensvereindented in a direction parall@ith the tubule axis,
starting with dry specimens and then full water immersion with measuremertslfthso,
24, and 72hours inwater. Thepurpose ofthe repeated measurements wasttaly the
effects of hydration on the modulus of dentin. Intertubular dentin was indentddcatian
midway between adjacent tubules, and peritubular dentin was indeartessthe full width
of the cuff, as shown in Figure 3. Indentations were made across the full width of the cuff in
order to measuréhe magnitude oboundary effects othe indentationmodulus of the
peritubular dentin. The precise location of each indentation was determined by AFM

imaging. Measurements were repeated three times on each specimen.
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Results

AFM indentation moduliacrossthe width of a representative peritubutarff are
shown in Figure 4. Within @nth of a micrometer oboth the lumenwall and the
intertubular dentininterface, themoduluswas noticeably reduced byoundary effects.
However, across the bulk of the peritubular cuff, remarkebhstantvalues wereobtained.
The peritubular modulus was 28.6+.5 GPa, and was rounded to 30 GBaifoEquation
4 so as not to underestimate thechanicatontribution of theubules.The valuesfor A
andA,, as a function of location in the tooth are listedTable 2,based on tubule areas
calculated byPashley [1989] fromthe data ofGarberoglio and Brannstrom [1976].
Substituting thes@alues into Equation 4roduced an inclusion modulug, that was

independent of position (22.5 GPa).

The intertubular modulus was measuretino orientations: perpendiculavith the
tubule axis angbarallel with theaxis. Measurements perpendicularthe tubuleaxis gave
values of 20.1+1.1 GPa and those made parallel with the axis were 20.3+.9 GPa. There was
no statistically significant effect of orientation on the measured values of the peritubular and
intertubular dentin moduli based on a two—tailed T test (p>.7).

The modulus othe intertubular dentin as a functiontwhe in water isgraphed in
Figure 5. There was a rapid decrease in elastic modulus firdh24 hoursfollowed by a
more gradual decreasever the next 48 hours. Concernsabout possiblespecimen
demineralization led us to select the Bdur time point €, = 15 GPa) formodeling

purposes (see discussion).

With the values ok, andE, thefive independent elasticonstantsvere determined
as a function of tubule concentration. Because there noindependent measures of
Poisson’sratio, three limitingcaseswvereexplored:v,, <v; v, = V;; V.. >V, wherev, was
given aconstantvalue of0.25 andv,, ranged from 0.1 to 0.4’he magnitudes of thaxial
Young's modulus and axial and transverse shear moduli are charted as a function of tubule

concentration inFigure 6. All moduli increased linearlyith tubule concentration as
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expected. The axia¥oung’s modulus increased from abal.3 GPanear the dentin
enamel junction td.6.3 GPawithin a mm of thepulp. Therewas only a slighteffect of
varying Poisson’sratio. The effects ofPoisson’sratio were more pronounced on the
magnitudes of theshearmoduli, a naturalconsequence of Equation 5. A0% tubule
density, the axial and transverse shear moduli ranged from about 5&Ra @sPoisson’s
ratio of the intertubular matrix wagriedfrom 0.1 to 0.4The axialand transverse shear

moduli were identical over the expected range of tubule concentration in healthy dentin.

Discussion

The micromechanics model developed hegrerates at the compositievel,
accounting for the interaction of the continuous matrix phase with an inclusion phase, in this
case the hypermineralized peritubular cuffs. If the materials propertiestafdiphases are
known, then a micromechanics model carubed topredict theeffective properties of the
composite material. Strictly speaking, a micromechanics model applies to a statistically
homogeneousnaterial. The tubulalensity of dentin, howeveryaries slightly from the
dentin enamel junction towards the pulp. However, the variations in tubule densityadire
enoughthat we can define a representatiwdume element that ilrge comparedavith the
tubule diameters and spacing, amger which the calculated effectiy@operties correctly
define the relations between the field variables of stress and strain.

There are as yet no constitutive models that describe the mechanical behavior of the
dentin matrix as a function of mineralization and fiber orientahon,is the organization of
the dentin matrix fullyunderstood.Nevertheless, it igossible to measure a Young's
modulus ofthe matrix (intertubular dentin) and peritubular dentith atomic force
indentation. Thesgalues can besed in amicromechanics model to predict th#ective
properties of dentin, perhaps ma@ecurately than they can be measuw&ti conventional

biomechanical testing since physical measurement of bulk dentin properties is so difficult.
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In a previous study of human dentin, we reported a Young’s modulus of intertubular
dentin that ranged from 17.7-21.1 GPa andpfmtubular dentin 029.8 GPgKinney, et
al., 1996]. These measurements were nvgttea Nanoindentét’, which could not operate
under water. Also, because the Nanoindenter is not an imdeue, itwas impossible to
know with certainty where thendentationswere made withrespect to the dentin
microstructure. Therefore, the reported values for the intertubular aesrtonsidered to
be upper bounds, arilde valuefor the peritubular dentin was considered to be a slightly
lower estimate because of possible influence of the intertubular dentin or the tubule lumen.
With the atomic force microscope used in this study, the precise location of each indentation
could be recorded and the indentations could be made with the specimens fully immersed in
water. It wasnot surprising to findhe AFM measurements of the intertubulaodulus
significantly lower than previouslyeported. It is also important to noteat the AFM
indentations of the peritubular dentin gave modulus values that were in close agmeigment
previous work [Kinney, et al. 1996]. This is because peritubular dentin ha®weoyganic
content and is not appreciably affected by drying.

The effects of hydration on thmechanicalproperties ofmineralizedtissues has
been previously reported. In tfiest systematicstudy of thiseffect, Currey reportedhat
three hours of rehydratiomas sufficient to restore thedasticmodulus of dried specimens
to their original value [Currey, 1988]. In addition, Jameson, €1883) determined that the
stress and strain at fracture could be restored to original values after 96 hours of rehydration
in deionized water. Although the time points used in our siuehe too widely separated to
confirm that three hours proposed by Cunves sufficient to restore thedasticproperties
of the dentin, waldid not observe any significant changenmodulus after 24 hours of
rehydration. However, there was a trend towards a slight decrease between 2sants.72
We wereconcerned thathis continued decrease mighave been a result of surface

demineralization invater, anaffect thathas been observed by others mechanical test
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specimens of bone [Gustafson, et al. 1996]. To mitigate this possibility, we chose to use the
24 hour time point for evaluating the Young’s modulus of the intertubular dentin.

Tubule number density increases from about 4 vol% near the @eaiinel junction
to about 16vol% within one mm of thepulp [Garberoglio and Branstrom, 1976; Pashley,
1989]. Although the number density of tubules increasih depth andshould therefore
increase the effective modulus, any increase is partially offset by the corresponding decrease
in the volume fraction of the matrix phase. Therefoker this range in densitythe tubules
have only a slight affect on the magnitude of ¢kesticconstants. FurthermorBoisson’s
ratio of the matrixophase affects onlthe magnitude of thehearmoduli, and has only a
negligible affect on the axial Young’s modulus.

The model makes three predictions. First, the model predicts theaithy, primary
coronal dentin there is a slight increase in dtastic modulus subjacent tthe mantel
inwards. Second, the model predidteat the properties of the matrix dominate the
mechanical behavior of thbulk dentin. Finally, the modelpredictsthat the axial and
transverse shear moduli are the same regardless of Poisson’s ratio.

The largest uncertainty in the presstudy isthe magnitude of thehear modulus.

We are aware obnly oneattempt tomeasure theshear modulus [Renson artaden

1975]. These investigators obtained a sh@adulus of 6.1 GPa itorsion, andmade the
observation that there was no apparent effect of tubule orientation on their results, although
there was navay to precisely control tubule orientation in the macroscopic dentin beams
used in their study. The magnitude of theiear modulusvas consistentvith a Poisson’s

ratio near 0.25. Indeed, for those specimens for which both the Young’s and shear modulus
were measured, Renson and Braden obtained a mean Poisson’s ratio of 0.23.

The mostcritical assumptions ithe proposedmicromechanics model are that the
matrix phase is homogeneous and isotropic. Previous sthdieshownthat in primary
dentin the mineralization igniform at abou40—45 vol%, and that measurable deviations
from thisvalueoccur only inthe immediate vicinity of thelentin enamel junction (mantle

J.H. Kinney, et al, Micromechanics of Dentin
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dentin) or thepulp [Kinney, etal., 1994]. Therefore, by confiningour model to primary
dentin, we wereeasonably assured afineral homogeneity. Thassumption oklastic
isotropy, however,requires careful consideratioBentin’s microstructure, both from the
orientation of the tubules awell as the planar confinement of the collagen fibrils
perpendicular to the tubules, gives the appearanoettadtropic symmetryHowever,there
is no compelling evidence thdentin’s elasticproperties are anisotropic. Furthermore, our
AFM indentations detected nanisotropy inthe Young's moduluswhen measured in
orthogonal directionsHowever, it has recently been observed that the transvestsear
strength may be greater than the axial shear strength [ Wataralh@396]. It is possible
for the dentin matrix to be elasticallgotropic yethave arorientation dependence of shear
strength fromthe presence of the tubule lumens acting to increase the energy required to
propagate a crack in the transverse direction.duestion ofelasticisotropywill only be
resolved by careful measurement of the elastic modulus as a function of tubule orientation.
In summary, our results predict that the intertubular dentin matrix goveretastie
behavior of dentin, anthat thetubules do not introducelasticanisotropy. Combining the
indentation data on the intertubuland peritubular dentinvith the cylindrical inclusion
micromechanics modejavethe valuesfor the five independent elasticonstantshat are
listed in Table 3Until better indentation oshear modulidata becomevailable,primary

dentin should be modeled as an isotropic material with these values of the elastic constants.

J.H. Kinney, et al, Micromechanics of Dentin
15



Acknowledgments

This work was funded bythe U.S. National Institutes ofHealth, NIDCR under grant
numberPO1DEO09859.The authors wish to thankrof. R.M. Christensen fovaluable
discussions.The work was performednder the auspices ofthe U.S. Department of
Energy, Lawrence Livermore National Laboratory, contk&et7405-ENG-48. Wd¢hank

L. Watanabe(U.C. San Franciscopand R. Kershaw(Lawrence Livermore National

Laboratory) for sample preparation.

J.H. Kinney, et al, Micromechanics of Dentin
16



References

Balooch M.,Wu—-Magidi I.C., BalazsA., Lundkvist A.S.,Marshall S.J., Marshall G.W.,
Siekhaus W.J., and Kinney/H. (1998)Viscoelastic properties alemineralized human
dentin measured invater with atomicforce microscope—based indentation. J. Biomed.

Mater. Res40,539-544.

Bowen R.L. and Rodriguell.M. (1962) Tensile strength anchodulus of elasticity of

tooth structure and several restorative materials. J.Am. denb4388—-387.

Christensen R.M. (1990) Aritical evaluationfor a class ofmicromechanics models. J.

Mech. Phys. Solid38:379-404.

CraigR.G. and Peyton F.A. (1958} lasticand mechanicaproperties of human dentin. J.
dent. Res37,710-718.

Currey J.D. (1988The effects ofdrying andrewetting onsomemechanicaproperties of

cortical bone. J BiomecR1,439-441.

Doerner M.F. and Nix W.D. (1986) A method for interpreting the data from depth—sensing

indentation instruments. J Mater. R&s601-609.

Garberoglio R. and Brannstrom M. (1976) Scanrmalegtron microscopjnvestigation of

human dentinal tubules. Arch oral Biall,355-362.

J.H. Kinney, et al, Micromechanics of Dentin
17



GustafsonM.B., Martin R.B., Gibson V., Storms D.H.,Stover S.M., GibelingJ., and
Griffin L. (1996) Calcium buffering is required tomaintain bone stiffness insaline

solution. J. Biomec9,1191-1194.

Haines D.J. (1968) Physical properties of human teaimeland enamelsheathmaterial

under load. J.Biomech,117-128.

Hashin Z. (1983) Analysis of composite materials—A survey. J. appl. \88g81-503.

Huang T-J.G., Schilder H andNathanson D (1992Fffects of moisture content and

endodontic treatment osome mechanicalproperties of human dentin. J Endodontics

18,209-215.

Jameson M.W., Hood.A.A., and TidmarsIB.G. (1993)The effects of dehydration and

rehydration on some mechanical properties of human dentine. J. Bi&Z6d€h5-1065.

Katz J.L. (1971) Hard tissue ascamposite material-Bounds orthe elastic behavior. J.

Biomech .4,455-475.

Kinney J.H., Marshall G.W., and Marsh&l.J. (1994)Three—dimensional mapping of

mineral densities in carious dentin: theory and method. Scanning Migrb3¢--204.

Kinney J.H., Balooch M., Marshall S.J., Marshall G.W., &veihs T.P. (1996) Hardness

and Young’s modulus of peritubular and intertubular dentine. Arc. oralRi6k-13.

J.H. Kinney, et al, Micromechanics of Dentin
18



Lehman M.L. (1967) Tensile strength of human dentin. J. dent4B@97—-201.

Marshall G.W. (1993) Dentin: Microstructure and characterizatioQuintessence Int.

24,606-617.

Meridith N., Sherriff M., SetchellD.J. and Swanson S.A. (1996) Measurement of the
microhardness and Young’'s modulus of hunemameland dentineusing anindentation

technique. Archs. oral Bio#t1,539-545.

Neumann H.H. and Di Salvo N.A. (1957) Compression of teeth under the |aduwing.
J. dent. Res36, 286—290.

Oliver W.C. and Pharr G.M. (1992) Amproved techniquéor determininghardness and
elastic modulus using load and displacement sensing indentation experiments. J Mater. Res.

7,1564-1583.

Pashley D.A. (1989) Dentin: A dynamic substrate—A review. Scan. Mi@d&i1—176.

Peyton F.A., Mahler D.B. and Hershenov B. (1952) Physical propert@sngh. J. dent.
Res.31,336-370.

Renson C.E. (1970) Aexperimentabktudy ofthe physical properties of human dentine.

Ph.D. Thesis, University of London.

Renson C.E. and Braden M. (1971) Téwerimental deformation of dentine by indenters.
Archs oral Biol.16,563-572.

J.H. Kinney, et al, Micromechanics of Dentin
19



Renson C.E. and Braden M. (1975)perimental determination of the rigidity modulus,

Poisson’s ratio and elastic limit in shear of human dentine. Archs orabPBié8—47.

Rees J.S., Jacobsen P.H., and Hickman(1994) The elastic modulus of dentine

determined by static and dynamic methods. Clin Ma#&t.1-15.

SanoH., Ciucchi B., MatthewsW.G., and Pashleyp.H. (1994) Tensile properties of

mineralized and demineralized human and bovine dentin. J DeidBR265-1211.

Stanford J.W., Paffenbarger G.C., Kumpula J.W. and Sweeney W.T. @Qé&8jmnination
of some compressive properties of humamamel and dentin. J.Am. Dent. Ass.

57,487-495.

Stanford J.W., WeigeK.V., Paffenbarger G.Cand Sweeney.T. (1960) Compressive
properties of hard tooth tissue and somestorative materials. J.AmDent. Ass.

60,746—756.

Ten Cate A.R(1994) Oral HistologyDevelopment, Structur@nd Function, 4 Edition.
Mosby Book Co., St. Louis.

Tyldesley W.R. (1959) Thenechanicaproperties of humaenameland dentineBr. dent.

J.106269-278.

Watanabd.., Marshall G.W., and Marshall S.J., (1996) Dentin shear streigtécts of

tubule orientation and intra—tooth location. Dent. M&t2r109-115.

J.H. Kinney, et al, Micromechanics of Dentin
20



Watts D.C., El Mowafy O.M., and GranA.A. (1987) Temperature dependence of

compressive properties of human dentin. J. dent.G8¢20-32.

Xu H.H.K., Smith D.T., Jahanmir SRombergE., Kelly J.R., Thompson V.P. aridekow
E.D. (1998) Indentation damage and mechanical properties of hemaameland dentin. J.
dent. Res77,472—-480.

J.H. Kinney, et al, Micromechanics of Dentin
21



Tables

Table 1: Reported values of the Young’s modulus of dentin

Young’s Modulus

Authors and date Method (GPa)
Peyton et al. (1952) compression 11.6
Neumann and Di Salvo (1957) compression 1.6-11.7
Craig and Peyton (1958) compression 18.3
Stanford et al. (1958) compression 11.0
Tyldesley (1959)  4—point bending 12.3
Stanford et al. (1960) compression 11.7-13.8
Bowen and Rodriguez (1962) tension 19.3
Lehman (1967) tension 11.0
Haines (1968) compression 11.0
Renson (1970) compression 12.8
Renson (1970) cantilever bending 12.0
Renson and Braden (1971) indenter 12.0
Renson and Braden (1975)cantilever bending 11.1-19.3
Watts, et al. (1987) Compression 13.9£1.5 (25C)
Huang et al. (1992) Compression 14.9
Van Meerbeek (1993) Nanoindenter 19.3
Sano (1994) tensile 13-15
Rees etal. (1994) 3—point bending 8.6 (s):14.3-15.8 (d)*
Meridith, et al. 1996 Indentation 8.7-11.2
Xu et al. (1998) Indentation 20.3+1.7

* (s) = static modulus; (d) = dynamic modulus
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Table 2: the elastienodulus ofthe cylindrical inclusion(lumen+peritubular cuffwith
position (based on values from Garberoglio and Brannstrom (1976) as tabulated by Pashley
(1989)).

Distance from pulp A, A, Al E,(GPa)
(mm)
1.1-1.5 4.0 11.9 84.1 22.5
1.6-2.0 2.9 8.6 88.5 22.5
2.1-2.5 1.5 4.4 94.1 22.5
2.6-3.0 1.0 3.0 96.0 22.5
3.1-35 1.0 2.9 96.1 22.5
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Table 3:Model predictions forthe five independent elasticonstants of dentin assuming

Poisson’s ratio of .25 for peritubular and intertubular dentin.

Location E, (GPa) W, (GPa) i (GPa) K, (GPa) v,
Inner dentin 16.1-16.4 6.3-6.4 6.3-6.4 12.7-12.9 .25
Outer dentin 15.3-15.6 6.1-6.2 6.1-6.2 12.4-12.5 25
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List of Figures

Figure 1:
Photomicrograph of a 1-mm cube denfihe locations of the indentationsoth parallel
and perpendicular to the tubule axis, are circled. The arrow lies in the approximate direction

of the tubules.

Figure 2a:
The force applied to the indenter tip as a function of time. The load cyokasted othree,

2—second segments: a linear ramp, a constant hold, and a linear decrease.

Figure 2b:

A typical force/displacement profile for indentation in intertubular dentin.

Figure 3:
Artist rendering of the hypermineralized peritubular cuff showing the approximate locations

of the indentations.

Figure 4:

Young’s modulus of peritubular dentin measured as a functioadid! distancdrom the
lumenwall. Within 0.1 micrometer of the lumen and the peri—intertubular denterface,
the Young’s modulus is much lower due to interaction with the boundaries. \Wighioulk
of the peritubuladentin, themeasuredralues vary bytessthan 2% of the meawalue of

28.6 GPa.
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Figure 5:

The Young’s modulus of intertubular dentin as a function of time in water, starting from the

dry state at time zero.

Figure 6: a) axial Young’'s modulus as a function of tubule concentration forvidiress of

the Poisson’s ratio of the intertubular dentin matrix. b) axial shear modulus as a function of
tubule concentration for thraalues of theshear modulus. dyansverse shear modulus of
dentin. d) the ratio of the axial to transversigear moduli in dentinThe apparent
discontinuities in thgraph (6d)are a result ofound off error incalculating theratios to

two significantfigures. Over the entire range of tubule concentrationtit®shearmoduli

differ by less than 1%.
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