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Abstract

Mineralized tissues, such as bone and tooth dentin, serve as stmnettgaals in the
human body and, as such, have evolved to resist fracture. In asshesimgantitative
fracture resistance or toughness, it is important to distinguisfebe intrinsic toughening
mechanisms which function ahead of the crack tip, such as plasticityetals, and
extrinsic mechanisms which function primarily behind the tip, suctrask bridging in
ceramics. Bone and dentin derive their resistance to fractureigadly from extrinsic
toughening mechanisms which have their origins in the hierarchical mictastro€ these
mineralized tissues. Experimentally, quantification of these toughemaghanisms
requires a crack-growth resistance approach, which can be athgvmeasuring the
crack-driving forcee.g., the stress intensity, as a function of crack extension (“R-curve
approach”). Here this methodology is used to study of the effeaging on the fracture
properties of human cortical bone and human dentin in order to discermctiostractural

origins of toughness in these materials.
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Introduction

Fracture mechanics has long been used for the study of efuineraterials
however, its utility for the characterization of mineralizedues, such as bone and dentin,
has not been as broadly realized. In its most simple applicdi®isiress intensity ahead
of a sharp stress concentrator can be evaluated using lindar-élasture mechanics
(LEFM) and used to obtain a single-value toughness measuremenasstnei . fracture
toughness; in fact, this method has been used for the past sx@ades to evaluate the

fracture resistance of bone and deAtinMore recently, however, it has become apparent
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that bone and dentin principally derive their toughness during cracktlgrand hence
evaluation in terms of crack-growth resistance curves (R-cuiges)ore appropriate;
indeed, several recent studies on these tissues have describéoutitaness properties in
terms of such R-curvés! There are also a few examples where nonlinear-elasticifea
mechanics (NLEFM), which allows for the presence of local igiasi{actually nonlinear
elasticity), has been applied to measure the toughness of theséaisit in addition,
cohesive-zone modeling has been utilized as an alternative nonlineturd modeling
approach to account for toughening and damage behavior both ahead andhzebradk
tip.®® As a critical issue is how such fracture mechanics evahsatan be related to the
microstructural mechanisms of damage and toughening in human boree=tmadve focus
here on the sources of fracture resistance in these bioleogatalials, as dictated by the
characteristic size scales of their structure.

Structure

Cortical bone, the dense outer shell of bones, is a hierarchical coengiban organic
phase, type-I collagen, and a mineral phase, hydroxyapatitejs approximately 50%
mineral salts, 25% collagen, and 25% water by volume. At the nanosmale is
comprised of the collagen molecules and nanocrystalline hydroxgapite collagen
molecules self-assemble into collagen microfibrils which arepregnated with
hydroxyapatite crystals. The plate-like hydroxyapatitetatgsare approximately 4-6 nm x
30-60 nm x 100 nm. The collagen microfibrils then assemble intogeolléibers which
have a diameter of ~1 um; these in turn are arranged intartieldr sheets which make
up the cortical shell. The lamellar sheets which wrap allmdne around the cortical shell
are termed interstitial lamella. The process of Havergarodeling results in concentric
lamella and Haversian systems (osteons) and is the procedsdbyimtercortical bone is
renewed in some adult mammals, including humans.

Haversian remodeling occurs by a cutting cone of osteoclastsbing bone and
moving in the longitudinal direction of the bone. In the wake of thenguttone,
osteoblasts adhere to the wall of the resorbed cavity, termeenient sheath, and begin
to form new bone. The osteoblasts lay down new bone by excreting ghaicor
extracellular matrix of bone which is subsequently mineralizekde dsteoblasts become

trapped in their excretions so they do not move with the cutting conéltow via a



process of continuous recruitment. The trapped osteoblasts matuostedcytes, and the
cavity in which they reside is called the lacuna. The lacamaeonnected to each other
by a network of cannaliculi. Figure 1 provides a schematic dragfacortical bone and of
the Haversian remodeling process.

Dentin is a somewhat similar mineralized tissue that coeptise bulk of the human
tooth and as such determines its structural integrity. It isydaated composite of
mineralized collagen fibers and nanocrystalline hydroxyapatite, with +soxyapatite,
35% collagen and 20% water by volume. The mineralized collagen filors the
intertubular dentin matrix, and are arranged in a felt-like stracoriented perpendicular
to a series of channels, termed tubules. These tubules argm1rXliameter, and extend
from the pulp cavity to the exterior of the tooth; they are lineth wihighly mineralized
cuff of peritubular dentin (Fig. 2 contains a schematic of thetsteiof a tooth}/*® In
contrast to bone, there is no remodeling after tooth growth is comhpl®aring aging,
human dentin sclerosis causes the tubules to become occluded throughiotepdsit
carbonated apatité”® leading to transparency to visual light of the dentin (termed
“transparent” dentin); this leads to changes in the mecHgmioperties, most notably a

loss in ductility, toughness and cyclic fatigue resistafiée.

Fracture Resistance

Fracture can be considered to be a mutual competition betweersicntiamage
mechanisms, which act ahead of the crack tip to promote cgacma extrinsic shielding
mechanisms, which act primarily behind the tip to inhibit crackifg Intrinsic
toughening mechanisms serve to limit microstructural damagegexample is the
occurrence of plasticity ahead of the crack tip, which dissipatge and locally reduces
the stresses by blunting the crack tip. This is a dominant tougherechanism in most
ductile metallic materials.

Extrinsic toughening is quite different.  Unlike intrinsic meckars, these
mechanisms do not increase the inherent resistance to fractunestaatd “shield” the
crack tip from the applied driving force for crack propagationhag primarily operate in
the wake of the crack tip, they require the presence of a crackansequently result in
crack-size dependent behavior. An example of an extrinsic toughmeictganism is crack

bridging, where material bridge®g., intact fibers in fiber-reinforced composites or



interlocking grains in monolithic ceramics, span the crack and deay that would
otherwise be used to further crack propagation (crack-tip shielding).

Bone and dentin are primarily toughened extrinsically; althougimsntrmechanisms,
such as viscoplastic flot¥,have been identified, the principal source of fracture resistance

arises from microcrackingt*?’ crack deflectiort}*32829 gro11.3031

and crack bridgin
Due to the fact that extrinsic toughening mechanismsuogndevelop after some amount
of crack extension, these mechanisms have no influence anattieinitiation toughness
(Fig. 3); rather they are associated withck-growth toughness and naturally result in R-
curve toughness behavior where the “driving force” for craclémg, K, g, or J,2 increases
with crack extension. Figure 3 shows a schematic diagrannoR-aurve and the
parameters one obtains from this type of analysis.

As noted above, a number of (extrinsic) toughening mechanisms havelbetied
for bone and dentin. Here, we present R-curve measurements perimmnmeiman bone
and tooth dentin and discuss how such mechanisms are influenced byinaQivitp of
these tissues. We further compare the R-curve methodology to-gatgeeassessments of

the toughness, such Ks.

Fractureand Agingin Human Bone

To evaluate the effect of aging on the mechanical propertiebuafan bone,
macroscopic R-curve fracture toughness tests were performed maldoohe taken from
the humerii of nine cadavers (donor age: 34 to 99 y&arSeventeenN = 17) compact-
tension, C(T), specimens, were fatigue precracked and testEchulated body fluid -
Hanks’ Balanced Salt Solution (HBSS). Samples were divided iné@ thge groups -
arbitrarily namedvoung [age: 34 N = 1), 37 N = 4) and 41 = 2) years]Middle-Aged
[age: 61 (N =1), 69 (N = 2) and 69 (N = 2) years] Aged [age: 85 (N = 1), 85N = 2)
and 99 N = 2) years]. The samples were all oriented with theestambtch and the
nominal crack-growth direction along the proximal-distal directiothefhumerus (in the
longitudinal direction)j.e., parallel to the long axis of the Haversian systems and hence,
long axis of the humerus. Procedures for measuring resistanas-care detailed

elsewherg?3233

%K is the stress-intensity factog, is the strain-energy release rate, dndhe J-integral is the nonlinear-
elastic strain-energy release rate.



R-curves for cortical bone, shown in Fig. 4, give a clear indicatianatifiag causes
both the initiation toughness (intercept of the curve at zerd epetension) and the growth
toughness (slope of the curve) to decrease in human cortical bone. cideknitiation
toughness values of 2.07 (S.D. = 0.11), 1.96 (S.D. = 0.15), and 1.26 (S.D. = 0.28pMPa
and mean slopes (crack-growth toughness) of 0.37 (S.D. = 0.06), 0.16 (S.D.,=a0d1)
0.06 (S.D. = 0.04) MPan/mm were obtained for th¥oung, Middle-Aged, and Aged
groups, respectively. Differences of the means of the meaparadneters (initiation
toughness and growth toughness) between the groups were assessdtt witle-tvay
ANOVA statistical test and, when appropriate, one-tailetg#sts were used to make
comparisons between the groups. These data are shown graphi¢adly 5 where it is
apparent that while aging affected both the initiation and growth tousgseshe
deterioration in properties with aging was most evident during crack growth.

With progressive aging, the bone is remodeled; in human bone thiss doctine
interior of the cortex by Haversian remodeling. The processavkeidian remodeling
changes the microstructure of the bone, which must be understood snakhmow this
may affect, or interact with, a growing crack. Most notalilg, ldaversian systems have
cement sheaths (“cement lines”), which have a different compositeonthe bulk of the
bon€* and act as weak interfaces, thus serving as sites for pridiéraicrocracking. The
process of Haversian remodeling stimulates additional remgdeéilia to the fact that the
cement sheaths sever the canaliculi of the interstitial beading to the death of the
osteocytes; therefore, the Haversian systems are not randatniguded through the bone
but are predominately located in the vicinity of each otfieAs expected, the density of
the Haversian systems in the current study was higher iAgéeebone than in th&oung
bone>

The toughness of bone (in the longitudinal direction) deterioraiissaging due to
these changes in the microstructure, which we believe inhibibtheafion of uncracked-
ligament bridges, one of the dominant toughening mechanisms in bBeeause the
cement sheaths are “weak interfaces” in bone, a crack advanrcitige ilongitudinal
direction of bone will tend to follow these features. As bone @mgedensity of Haversian
systems increases and there is a greater chance thakacarafollow a lower resistance

path along these interfaces through the material. These caimeaths also play an



important role in the formation of uncracked-ligament bridges. adtdsirs during crack
propagation by a new crack initiating, generally at a cemerattstahead of the main
crack tip; the region between the original and the new crackleen act as a bridge (the
so-called “mother and daughter” crack configuration, as shown hpphieft-hand image
in Fig. 4), and carry load that would otherwise be used to promobkimga This
mechanism is suppressed with aging because of the higher ostedy, denereby the
distance between cement sheaths is reduced, resulting ineapmrding decrease in the
size of the bridges. Crack initiation can occur along a lowghoess path, such as a
cement sheath, and this possibly is the reason that the initiatighness also decreases
with aging. However, the principal effect of aging is on thewgin toughness as the
extrinsic toughening (crack bridging) mechanisms are direttgcted by the age-related
changes in the bone-matrix structure.

Microcracking along the cement sheaths also gives rismighéning in the transverse
(breaking) orientation of bone by providing locations for crack amest macroscopic
crack deflections; this is shown in the x-ray computed tomograpage in Fig. 6. This
extrinsic mechanism of toughening is particularly effectivecortical bone and is the
primary reason that bone is substantially tougher in the trans¥®isen the longitudinal

directions.

Fracture and Aging in Human Dentin

Human molarsN = 7), extracted according to protocols approved by the Univaskity
California San Francisco, Committee on Human Research, wereass#éw source of
dentin. Three-point bend samples (4 mm long, 1 mm wide, 0.5 mm thick), two or three per
tooth, were wet sectioned from the central portion of the crown andFigpt2) using a
low speed saw, and stored in 25°C HBSS. The molars were divided e¢ogttoups, as
determined by the fraction of the occluded tubu¥esing dentin (19-30 years old) with 3-
7% filled tubules N = 4), Aged/opaque dentin (40-70 years old) with 12-32% filled tubules
(N = 5), andAged/transparent dentin (40-70 years old) with 65-100% filled tubules
making them transparent to visible light € 5).

R-curves for human dentin as a function of aging are shown in7Fig.he crack-
initiation toughness is ~0.75-1.1 M¥ta and appears to be the similar for all groups.

However, after ~10@m or more of crack extension, the toughness of the “young” samples



is higher than that of the “aged” samples. This again remiesa aging-related decrease
in the crack-growth toughness, which can be quantified in terms sfdpe (least-squares
fit) of the R-curve. Results, shown in Fig. 8a, indicate that young dentin hgrsfacantly
higher <0.05) growth toughness than aged/opaque and aged/transparent dentingl for age
dentin, the opaque group also has a significantly highve®.05) growth toughness than
the older transparent group. Statistical differences of the mefarnbe measured
parameters (crack-growth toughness, unfilled and microcracked tinacli®ns) between
the groups were evaluated with the one-way ANOVA test and, wpprogriate, one-
tailed t tests were used to make comparisons between the groups. The degreadk
toughness with age is paralleled by a similar decrease irfrabgon of unfilled and
microcracked tubules involved in the crack path (Fig. 8).

The effect of aging in dentin is that the principal microstrattigatures, the tubules,
become occluded with apatite mineral with age; such tubule sclésdbkigught to be the
result of thein vivo loading in the mouth? Once the tubules have become occluded with
mineral, their interaction with a propagating crack changes;ifsqaly, the increased
fraction of filled tubules in older dentin is less effective inaleping extrinsic toughening
mechanisms. Most notably, the unfilled tubules tend to initiate nmaxcks, whereas the
filled tubules, presumably because they offer a reduced stressnt@tion, do not. Akin
to bone, microcracking is important in dentin as it is a prectostive other more potent
toughening mechanisms. As cracks tend to follow a low modulus phasptesence in
young dentin of a larger fraction of empty tubules, many of whiche hseveral
microcracks radiating out from them, leads to significant crafleat®mn and branching.
Moreover, the microcracked tubules cause an increased incidenaactf lridging,
particularly at larger crack sizes. This arises wheraekcpropagating in the intertubular
dentin activates a microcrack from of a tubule which then becomeeadtive crack tip
leaving an uncracked-ligament bridge in its wake. (This is alaind the bridging
mechanism in bone where the microcracks initiate primarithetcement sheaths). With
the progressively diminished fraction of open, and hence microcrackededwith aging,
all these extrinsic mechanisms degrade, which results inldtexioration in the crack-

growth (but not necessarily crack-initiation) toughness of human tooth dentingeith a



Concluding Remarks

“Hard” mineralized tissues such as human bone and tooth dentin hawecdevol
effectively resist fracture. However, their enduring sttengnd toughness invariably
degrades with age. In this brief review, we have attempteubte that in both biological
materials, resistance to fracture arises primarily fromaclkc growth (rather than crack
initiation), which is evident by their rising crack-resistanceve toughening behavior.
Such crack-growth toughening results from extrinsic (cracktiplding) mechanisms,
principally associated with crack deflection and crack briglgloth processes that are
induced by the formation of microcracks, which predominate ateimeist sheaths in bone
and at the tubules in dentin. However, with age, the increased dehnditgversian
systems in cortical bone and sclerosis of the tubules from midepasition in dentin
leads to a degradation in the potency of these mechanisms, whnelmifest in a reduced

slope of their resistance curves.
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Figure 1. Diagrams of the structure of human cortical bone and of Hawmesgstem

formation. The schematic of the structure of human cortical blbowssthe important
microstructural features which could interact with a propagatmgk. The diagram of
Haversian system formation shows a cutting cone as it movesgthrbone and how
osteoblasts follow in its wake to deposit new bone. The cutting cwamees at a rate of
~40 um per day.
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Figure 2. Schematic diagram of a human tooth (left) and of the notched thneebgoid
specimens of dentin (right) which were sectioned from the intefiche tooth. The
nominal tubule orientation can be seen in the schematic to run froextieor of the

tooth to the pulp cavity.
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Figure 3. Schematic diagram of a crack-resistance curve (R-curve),the “crack-
driving force” as a function of crack extensio@, for a material that exhibits linearly
rising R-curve behavior and in which stable cracks can be growufficient lengths to
measure the steady-state toughness. The crack-initiation t@sglnéhe value of the
driving force at wherda— 0, and in principle corresponds to values,, K¢, obtained by
single-value fracture toughness parameters measurememtthe presence of extrinsic
toughening mechanisms, such as crack bridging, the R-curve begiise twith crack
growth; these mechanisms require crack extension to become attiee some degree of
crack extension, the toughening from these mechanisms maysteacly-state such that
the toughness of the material reaches a constant value. It slzontded that in bone and
dentin it is not always possible to reach steady-state dueystofgical limitations on the
size of the samples, as compared to the characteristic tnictosal size-scales associated
with the prevalent toughening mechanism.
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Figure 4. Crack-growth resistance curves for human cortical bone tested in HBSS at 25°C,
with corresponding scanning electron microscopy images of cracks in Young bone at low
(left) and higher (right) magnification. The R-curves illustrate that both the initiation
toughness (intercept at Aa = 0) and the growth toughness (slope) are degraded with age.
However, the more pronounced effect is on the growth toughness, which is caused by the
decreasing efficacy of the extrinsic toughening mechanisms in bone with age. This in turn
can be related to increased density of Haversian systems with age and the consequent
reduced fraction of crack bridges in the wake of the crack. The image on the left shows the
development of bridging (indicated by the arrows) for a crack propagating in the
longitudinal direction; as the crack is still quite short (~200 um), the bridges are still
relatively small. The image on the right shows a collagen fiber bridging the crack faces.
These images illustrate the dimensionality of the bridging mechanism; for example, the
size-scale of the phenomenon can range from sub-micron to hundreds of microns,
depending on the size of the crack and the microstructural origin of the bridging features.
(adapted from ref. 32).
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Figure 5. Means and standard deviations for the crack-initiation toughnesshaledt-
scale) and growth toughnesses (right-hand scale), obtained from &+oeasurements,
are shown for human bone for the three groups in the study (Young =y&&#] Middle-

aged = 61-69 years, Aged = 85-99 years). It was found using both AND¥tAests that

the deterioration in initiation toughness and growth toughness withwagestatistically

significant.
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Figure 6. X-ray computed tomography images of a stable crack in humagcatdrone in
the transverse orientation. Panels (a-c) and (d-f) each shtwo-dimensional slice
through the sample, a three-dimensional image containing the sitce, magnified view
of a region of interest. A three-dimensional image of the emtheme of interest is
shown in (g). In (a), a white arrow indicates a deflection thatirscbefore the crack
encounters a Haversian canal, which appears as a black ellipseredgion of interest of
this deflection is bounded by a box in (b) and the deflection is agginidhted with a
white arrow. In (c) it can be seen that the deflection coincidtbsa Haversian canal at a
different depth in the sample. Panels (d) and (e) show that at this depth thgrovelff
of the notch at a different angle than the slice shown in (a) atedidy a white arrow, and
that this angle corresponds to the edge of the Haversian cdhat depth. The crack can
be seen to undergo three radical changes in direction in (dharudue arrow in (d) and
(e) indicates two of these changes in direction. The regionterest in (e) given by the
white box is shown in (f). In (f) the white arrow again indisatieat different angle of
initial crack growth and the blue arrows indicate Haversian sahat could be exerting
the influence to cause the multiple deflections of the crack as seen in (d).
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Figure 7. Crack-growth resistance curves for human tooth dentin (saturatd83%)
grouped by age and fraction of occluded tubules. Environmental scaal@ogon
microscopy images for théoung and Aged/transparent groups are shown in the top left
and right, respectively. It can be seen from the plot that aleo§roups exhibit rising R-
curve behavior. For each of the groups, the initiation toughness wiasltith determine
accurately, but it was clearly similar for all groups, raggirom ~0.75 to 1.1 MPém.
The crack-growth toughness of the dentin, however, was found to degthd®ge as the
dentinal tubules became progressively occluded, which we attribateetduced potency
of crack deflection and crack bridging toughening mechanisms (adaptedefidit).
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Figure 8. Crack-growth toughness (a) and open tubule fractinas fot occluded with
mineral deposits) are shown for the Young, Aged/Opaque and Aged/Teamspaman

dentin groups (see text). It was found that the growth toughness dégadee fraction

of unfilled and microcracked tubules decreased. This is due to the fact that the anfille
microcracked tubules are instrumental in the development of thensxttioughening
mechanisms of crack deflection/branching and crack bridgingheadraction of these
tubules declined so did the occurrence and potency of these mechanisms in the crack wake
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