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ABSTRACT

959

Teeth are brittle and highly susceptible to cracking. We propose that observations of such cracking can be used as a
diagnostic tool for predicting bite force and inferring tooth function in living and fossil mammals. Laboratory tests on
model tooth structures and extracted human teeth in simulated biting identify the principal fracture modes in enamel.
Examination of museum specimens reveals the presence of similar fractures in a wide range of vertebrates, suggesting
that cracks extended during ingestion or mastication. The use of ‘fracture mechanics’ from materials engineering
provides elegant relations for quantifying critical bite forces in terms of characteristic tooth size and enamel thickness.
The role of enamel microstructure in determining how cracks initiate and propagate within the enamel (and beyond)
1s discussed. The picture emerges of teeth as damage-tolerant structures, full of internal weaknesses and defects and yet
able to contain the expansion of seemingly precarious cracks and fissures within the enamel shell. How the findings

impact on dietary pressures forms an undercurrent of the study.
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I. INTRODUCTION

Teeth are crucial to the survival of most mammals (DeGusta,
Everett & Milton, 2003; King e al., 2005). They can make
many thousands of contacts each day, placing tooth surfaces
under stringent, continual pressure. They have to be able to
withstand contact forces ranging from milli-Newtons (10 °
N) to kilo-Newtons (10* N) (Lawn & Lee, 2009; Lee et al.,
2010; Wroe et al., 2010; Constantino et al., in press) and yet
generate sufficient load to break down food objects—some
quite hard and tough—without themselves suffering from
excessive damage accumulation (Lucas, 2004; Berthaume
etal., 2010). Tooth morphology can tell us a great deal
about the forces generated during eating (Lucas ef al., 2008)
and, by extension, the types of foods that individuals eat
(Kay, 1981; Janis & Fortelius, 1988; Maas & Dumont,
1999; Lucas, 2004; Lucas et al., 2008). Bite forces inevitably
depend on such characteristic morphological dimensions as
tooth size and enamel thickness (Molnar & Gantt, 1977;
Martin, 1985; Demes & Creel, 1988; Shellis et al., 1998;
Schwartz, 2000; Kono, Suwa & Tanijiri, 2002; Smith
et al., 2005; Olejniczak et al., 2008). Recent studies on the
postcanine teeth of primates (Lee ez al., 2010) and sea otters
(Enhydra lutris) (Constantino el al., in press) are helping to
quantify these dependencies. Bite forces are also an important
quantitative end product of jaw mechanics, taking into
account the musculature and bony support of the skull.
Such forces have been evaluated from skull structures of a
broad range of living and fossil species (Crompton & Parkyn,
1963; Greaves, 1978; Kiltie, 1982; Demes & Creel, 1988;
Thomason, 1991; Spencer, 1998; Rayfield ez al., 2001; Wroe
et al., 2010). However, estimates from jaw mechanics are
limited—they pay little attention to actual tooth properties
and require access to well-preserved crania. Teeth are the
hardest of all animal tissues and consequently the most
enduring in the fossil record. But despite their durability, they
are susceptible to damage accumulation through a lifetime
of mechanical function. Consequently, much attention has
been given to signature damage patterns on teeth in the fossil
record, specifically in relation to dietary history. A better
understanding of tooth mechanics could reveal valuable
clues to our evolutionary past.

Of the various kinds of damage that teeth can sustain,
perhaps none has received more attention than that of
wear (Grine, 1981; Janis & Fortelius, 1988; Teaford, 1988;
Ungar, 1990; Fortelius & Solounias, 2000; Teaford & Ungar,
2000). Microwear results from repeated scratching with
small, im-scale (10 ® m) hard silicate crystallites in plant
matter (Piperno, 2006) or in the soil (Ungar et al, 1995).
These ‘microindenters’ slide across the occlusal surface to
produce multiple ‘microplasticity’ ploughing events (Bowden
& Tabor, 1986; Guidoni, Swain & Jager, 2009), resulting
in cumulative material removal over a lifetime of regular
chewing. Prolonged wear can lead to sufficient removal of
enamel as to expose the dentine interior (Janis & Fortelius,
1988; Dean, Jones & Pilley, 1992; Logan & Sanson, 2002;
King et al., 2005; Sauther & Cuozzo, 2009; Elgart, 2010).

James J.-W. Lee and others

In extreme cases wear can progress down to the gum level,
so jeopardising survival. Microwear patterns on intact teeth
have long been used to infer dietary habits in animals
and fossils. However, while microwear remains a powerful
component in the armoury of diagnostic tools available
to the biological ‘detective’, the loads required to produce
individual microwear traces are in the order of mN, and
therefore cannot offer much information on macroevents
needed to break down large food objects. Also, because wear
features are continually replaced, they do not reveal much
about feeding habits in the early stages of life.

Another kind of damage that teeth can sustain is fracture.
Tooth enamel is inherently brittle, with a fracture resistance
barely higher than those of silicate glasses or dental
porcelains (Lawn & Lee, 2010). In humans, dentists have
long observed the presence of lamellae’ or vertical crack-like
defects running between the crown surfaces and cervical
margins, especially in older patients (Bodecker, 1906, 1953;
Sognnaes, 1950; Osborn, 1981; Koenigswald, Rensberger &
Pretzschner, 1987). However, these defects have generally
been regarded as little more than clinical curiosities. Recent
studies are now proposing that fracture patterns in recovered
teeth can in fact provide unique insights into tooth function
(Lucas, 2004; Lucas et al., 2008; Lawn ¢t al., 2009; Lawn &
Lee, 2010). Fractures are distinctive events, associated with
occasional overloads, although they can multiply and evolve
over time (fatigue). The forces involved in great apes and
other mammals with similar tooth morphology to humans
are at the high end of the load scale, in the order of 1 kN
(Lee etal., 2010; Constantino et al., in press). The cracks
tend to remain contained within the enamel shell, although
in extreme cases they can delaminate the enamel from the
dentine, or even enter the dentine to cause splitting. Evidence
is surfacing that such cracks are indeed quite prevalent in
the enamel of extinct and extant species (Constantino et al.,
2010). The high fracture loads appear to suggest a diet of
large, mm-scale hard food objects, such as nuts and seeds and
bone (Lucas, Peters & Arrandale, 1994; Lucas et al., 2008).
From a biological perspective, the susceptibility of enamel to
fractures constitutes a selective pressure on the morphology
and material properties of teeth. This susceptibility achieves
formal expression in the engineering materials discipline of
‘fracture mechanics’—the study of how various crack types
initiate and grow within a brittle (enamel) shell, along with
the forces that drive them.

The notion of teeth as brittle protective shells with soft
supporting interiors is a simple but useful descriptor for
evaluating usage. Tooth enamel and dentine have complex,
hierarchical microstructures that can significantly influence
mechanical properties (Osborn, 1981). Enamel is a highly
mineralized material with groups of cylindrical rods of
nanoscale hydroxyapatite prism-like crystals weakly bound
by fluidized protein sheaths. The weak protein interlayers
provide easy paths for tension-driven crack growth (Osborn,
1981) and shear-driven plastic deformation (‘yield’) (He &
Swain, 2007a). The rods tend to radiate outward from the
dentine—enamel junction (DEJ) toward the outer enamel
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surface (OES) and upward towards the tooth crown. Rod
bundles change orientation relative to their neighbours,
forming a ‘decussation’ (crossing) pattern (Boyde & Martin,
1982; Rensberger, 2000). The degree of decussation tends to
be most intense in the vicinity of the DE], but this varies from
species to species, and In some cases is absent altogether. It
has been suggested that a decussated microstructure provides
some intrinsic impedance to crack growth and deformation
(Koenigswald et al., 1987; Bajaj & Arola, 20094, ). Further
impedance to damage can arise from continual self-healing
of newly formed cracks by infusion of protein-rich fluids
(Myoung et al., 2009) and from recovery of newly formed
deformation by rejoining of stretched peptide chains within
sheared rods (He & Swain, 2007a4).

Because of their durability, teeth might be envisioned as
the consummate damage-resistant biocomposite. However,
somewhat paradoxically, tooth enamel also contains internal
weaknesses—defects or flaws. Principal among these are
‘tufts’, hypocalcified, wavy interfaces emanating from the
DEJ into the enamel (Sognnaes, 1949; Osborn, 1969; ten
Cate, 1989; Amizuka et al., 1992, 2005; Lucas, 2004). Tufts
are considered to form during development. They tend to
follow inter-rod paths and have the form of ‘closed cracks’
filled with protein matter (Palamara ez al., 1989). Contrary
to a long-held view by the dental community that tufts and
other such defects are benign (ten Cate, 1989), it has recently
been demonstrated that they can act as sources of fractures
in teeth (Chai et al., 2009q). In this picture, tooth enamel does
not so much avoid fractures as contain them, the hallmark
of a damage-tolerant structure.

In this article we advance the hypotheses that antemortem
tooth fractures are commonplace in mammals and that
such events can provide quantitative information relating
to bite force and diet. We examine tooth morphologies
in a variety of living and extinct mammalian species to
support these hypotheses. Fracture mechanics models are
presented as the basis of both qualitative and quantitative
analysis—experimental and theoretical—for identifying
principal fracture modes and predicting attendant bite forces.
Explicit relations enable such forces to be determined from
characteristic tooth dimensions. We ask what these relations
might ultimately tell us about the foods that any given species
must have consumed. Our focus will be on animals with low,
rounded (bunodont) molar cusps, for which tooth size and
enamel thickness are controlling dimensions.

II. OBSERVATIONS OF CRACK PATTERNS
IN TEETH

(1) Cracks in teeth from simulated bite tests

Fracture modes in tooth-like structures have been
investigated by conducting loading tests with indenters to
simulate biting contacts, either from opposing teeth or
from hard or soft food objects. Exploratory tests conducted

on ‘model’ dome specimens consisting of glass shells

(‘enamel’) filled with polymer composite (‘dentine’) have been
instrumental in identifying and documenting basic fracture
modes (Qasim ez al., 2005; 2006, 2007; Rudas et al., 2005;
Kim et al., 2007; Lawn et al., 2007; Berthaume et al., 2010;
Lawn & Lee, 2010). Video cameras enable crack evolution
to be followed  siu, from initiation to failure, during
actual loading. While the model structures are simplistic
idealizations of real teeth, the transparency of the glass
reveals how cracks initiate and propagate within the brittle
shell, remaining confined within the shell up to the point
of catastrophic, splitting failure. Analogous experiments on
teeth extracted from human subjects and recovered from
deceased mammals reveal the same kinds of fractures, albeit
with much reduced subsurface visibility (Lawn et al., 2009;
Lee etal., 2009; Constantino et al., 2010; Lawn & Lee,
2010). Principal fracture types are depicted schematically
in Fig. 1 for (A)longitudinal fracture (Lawn & Lee, 2009;
Lee et al., 2009) and (B) edge chipping (Constantino et al.,
2010; Chai, Lee & Lawn, 2011). Longitudinal fractures can
extend either from the contact zone towards the margin
(radial-median cracks) or from the margin towards the
contact (margin cracks). Chipping occurs when the loads

P
(A) ‘

Yield E |
namel —— | 1
Radial-median N )I(
crack (R)
T
H
Dentine T
Margin Y
crack (M) l
— A —
B
( ) P‘_ h——|
Chip (C)
Dentine
—df —a—
Fig. 1. Schematic showing fracture modes in enamel

‘dome’ structure of characteristic tooth radius R, tooth
height A and enamel thickness d, loaded axially with
force P. (A) Radial-median ‘R’ and margin ‘M’ cracks with
characteristic dimensions X and 1. Hard, sharp contacts
produce yield deformation in contact zone. (B) Chipping ‘C’
cracks, developed at load-point distance £ from tooth side wall.
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are concentrated and applied close to a side wall. Both
crack types are driven by weak tensile stresses normal to the
principal compressive stresses. Experiments of this kind have
facilitated the derivation of simple equations for the loads
required to generate each mode, providing a quantitative
basis for predicting critical bite forces (see Section III).
Images of extracted human molar teeth after testing
are shown in Figs 2 and 3. The selected specimens were
stored and tested in a moist environment. Fig. 2A illustrates
longitudinal radial-median (R) and margin (M) fractures
produced by a hard indenter loaded onto a prominent molar
cusp (Chai et al., 20094). R cracks generally appeared first
immediately beneath the contact but ultimately tended to
be overtaken by M cracks extending from the tooth base.

(A)

Fig. 2. (A) Human molar indented with a flat metal plate,
showing longitudinal radial-median R and margin M cracks.
R cracks propagate from the contact around the tooth side
wall, M cracks upward from the cervical base. Minor cuspal
flattening is apparent at the contact site. (B) Segment of a
transverse section at depth 4.4 mm below the cuspal surface of
a human molar after contact loading to fracture. Tufts “I” are
observed at the dentine—enamel junction (DEJ). Traces of M
cracks demonstrate localization of longitudinal fractures within

the enamel. Reproduced from Chai et al. (2009q).

James J.-W. Lee and others

Fig. 3. Chipping C fracture on rounded cusp surface of
extracted human molar after loading with sharp (Vickers)
indenter near side wall. Image courtesy of H. Chai.

Many M cracks appeared to extend along the enamel wall
from incipient lamellae (see Section III). Both these crack
types grew stably and smoothly around the enamel side
walls, indicating easy fracture paths. Fig. 2B is a transverse
section cut through a tooth to intersect M cracks. The image
confirms that these cracks remain confined in a ribbon-like
configuration within the outer and inner surfaces of the
enamel, at least up to the point of overload where they link
with neighbours to cause spallation of the enamel (Popowics,
Rensberger & Herring, 2001; Qasim e al., 2005). In cases
where the cusp was closer to the tooth centre, or when a
small ball was loaded between cusps, M or R cracks were
able to enter the dentine and cause splitting, albeit at much
higher loads (Chai et al., 2009a).

Fig. 3 illustrates a typical chipping (C) fracture produced
by a hard, sharp (Vickers) indenter near a side wall
(Constantino et al., 2010; Chai, Lee & Lawn, 2011). In this
mode there is no externally visible indication of crack activity
within the enamel up to abrupt chip formation. However,
an earlier study of chip formation in glass specimens clearly
demonstrates that spallation is preceded by a substantial
precursor stage of slow crack penetration to a critical depth
within the enamel interior (Chai & Lawn, 2007). The ensuing
scallop-shaped fracture exhibits a typical surface roughness,
with clear evidence that the fracture must cross and break
prism bundles during part of its evolution, especially in the
final stages (Chai, Lee & Lawn, 2011). Chipping can be more
pronounced in teeth with worn surfaces and sharp edges.

Fig. 4 plots characteristic crack dimensions in human
molars as a function of bite force. For R and M crack
data (Fig. 4A,B) (Lee et al., 2009; Chai, Lee & Lawn, 2011)
the dimensions X and 1" are measured as projections onto
an axial plane (see Fig. 1A). Each data point represents an
individual crack measurement, and each line connecting the
points represents a crack on a different tooth. These tests were
conducted with hard, metal (filled symbols) or soft, polymer
(unfilled symbols) indenting plates, representing extremes of
contact conditions during normal dental function. R cracks
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Fig. 4. Data showing crack dimensions in human molars as function of applied force P. Longitudinal fractures, plots of dimensions
X and 7 for (A) radial -median and (B) margin cracks for flat indenters at crown cusps (see Fig. 1A). Filled symbols indicate hard
(metal) indenter, unfilled symbols indicate soft (polymer) indenter. Horizontal dashed lines in B indicate pre-existing margin cracks
(lamellae). (C) Distance 4 of sharp (Vickers) indenter from tooth side wall, as function of load P to produce chip fracture (see Fig. 1B).
Horizontal dashed line indicates upper limit to crack size. Solid vertical lines are predicted forces for R, M and C fracture modes.

formed under hard indenters soon after initial contact,
and continued growing slowly at loads up to ~1000 N,
with considerable tooth-to-tooth variability. No such cracks
formed under soft indenters. M cracks tended to initiate
from pre-existing lamellae (horizontal dashed lines) soon
after appearance of the R cracks, but grew more rapidly up
to ~600 N, again with considerable variability. These cracks
formed regardless of the indenter type, but in the case of
soft indenters extended only partially around the side walls
from the margin. Both R and M cracks occasionally showed
unstable increments in growth, particularly at higher loads.
Theoretical upper bounds to the forces Pr and Py at which
each of these crack types fully traversed one side of the tooth
wall (nominal height ~7.5 mm) are indicated as the solid
vertical lines (see Section IIT).

For C crack data (Fig. 4C) (Constantino et al., 2010), the
measurable variables are the distance % from the side wall
and the critical bite force P to cause chip spallation (see
Fig. 1B). In this case tests were conducted with a sharp, hard
(Vickers) indenter. Each symbol represents a different tooth,
and the solid inclined line is a theoretical best fit to the data
(see Section III). The chip size covers a broad range, but
is limited within 0 < 4 < 0.6 R, with R = 4.9 mm a mean
radius for human molars (Osborn, 1981; Constantino ¢ al.,

2010); at A > 0.6 R, the tooth tends to split. The vertical
solid line is a theoretical representative value Pq, evaluated
for chips formed at a mid-point contact location 4 = 0.3 R
(see Section IIT).

(2) Natural cracks in teeth

A key question is whether fracture modes generated in lab-
oratory experiments are representative of damage produced
during day-to-day mastication. In humans there can be little
doubt. We have already mentioned the ubiquitous presence
of lamellae in tooth enamel—-closed crack-like defects filled
with proteinaceous matter—observed by dentists, particu-
larly in older patients. An example of lamellae cracks in the
dentition of a live human is shown in Fig. 5. As indicated
above, such defects appear to be common precursors of lon-
gitudinal cracks, especially M cracks. Fully developed margin
cracks [sometimes termed ‘abfractions’ (Grippo, Simring &
Schreiner, 2004)], and even tooth splitting, are observed in
teeth with a history of excessive loading. Natural staining by
accumulation of calculus and polyphenolics (tannins) from
food products in patients with lower dental hygiene tend
to enhance the visibility of such cracks (Bacon & Rhodes,
2000; Prinz & Lucas, 2000). Veterinarians observe similar
staining products in the dentition of live animals. Chipping
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Fig. 5. Photograph of teeth in a live male human, showing
lamellae cracks (L) extending vertically within the enamel from
the margins.

fractures have also been commonly observed in the crown
regions of teeth in extant mammals (Constantino et al., 2010)
and fossil hominins (Robinson, 1954; Tobias, 1967; Wallace,
1973). The simulation tests described in Section II.1 would

James J.-W. Lee and others

therefore appear to replicate essential features of clinically
observed tooth damage. Severe forms of trauma, e.g. axial
splitting of teeth, transverse fractures and gum line wear,
have also been observed.

Much less has been reported for other animal species
beyond anecdote. However, examination of the dentition
of museum specimens of extant species suggests that
such features are not uncommon. Fig. 6 shows side-view
images of such dentitions from select deceased mammals
with bunodont teeth. There is clear evidence of copious
margin and other longitudinal cracking in these examples
(¢f. Fig. 2A). In some cases, especially the gorilla (Gorilla
beringer) and baboon (Papio ursinus), the patterns appear to be
dominated by margin cracks that do not extend all the way
to the crown, consistent with soft contacts. In orangutans
(Pongo pygmaeus) and peccaries (Tapassu pecari) the cracks are
more complete and frequent, suggesting harder contacts. The
longitudinal cracks in Fig. 6 are highlighted by the same kind
of staining observed by dentists in the teeth of living humans,
especially in patients with poor dental hygiene. In museum
specimens the dentine can shrink away from the enamel,
resulting in cracks without stains. Faintly visible horizontal
cracks in some of the teeth in Fig. 6 may fall into this latter
category. Itis arguable that staining could occur postmortem,
for instance from the soil or from specimen preservation
treatments, but the fracture patterns in Fig. 6 nevertheless

Gorilla (Gorilla beringei)

Giant panda (Ailuropoda melanoleuca)

Orangutan (Pongo pygmaeus)

Baboon (Papio ursinus)

Peccary (Tayassu pecari)

Fig. 6. Photographs of longitudinal fractures from natural biting in tooth enamel of select extant mammals. All images are of
specimens from the Museum of Natural History at the Smithsonian Institution in Washington, DC. Scale markers 10 mm.
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show all the defining characteristics of longitudinal cracks
formed in near-axial compressive loading.

Fig. 7 shows views of chipped animal teeth, as well as
from hominin fossils (Paranthropus robustus and Australopithecus
anamensis). In these cases chip fractures extending down the
side walls are apparent at the crown edges (¢f. Fig. 3). Chip
frequency data for selected mammals are shown in Table 1
(Constantino et al., 2010). An interesting comparison is the
high frequency of chipping in orangutans and peccaries
relative to chimpanzees (Pan troglodytes) and gorillas, indicative
of a greater reliance on hard foods in the first two species
(Kiltie, 1982; Vogel et al., 2008). The higher incidence of
chipping in Sumatran orangutans (Pongo abelii) relative to
Bornean orangutans (Pongo pygmaeus) may be reflective of
a less productive habitat and an increased consumption of
hard fallback foods (Vogel et al., 2008; Constantino et al.,
2009; Marshall ez al., 2009).

Fig. 8 is an image of a tooth remnant in a peccary. In
this case a crack generated by centric loading has completely
split the tooth.

Orangutan (Pongo pygmaeus)

e |
Chimpanzee (Pan troglodytes)

Hominin (Paranthropus robustus) Hominin (Australopithecus anamensis)

Fig. 7. Photographs of chipping fractures (arrows) in tooth
enamel of extant mammals and fossils from natural biting.
Images are from specimen collection at the Museum of Natural
History at the Smithsonian Institution in Washington, DC.
Hominin images courtesy of Bernard Zipfel (Paranthropus robustus)
and Ashley Hammond (dustralopithicus anamensts). Scale markers
10 mm.

Table 1. Frequency of tooth chipping in selected mammalian
species

Species Chip frequency (%)
Orangutan (Pongo abeliz) 16.0
Peccary (Tayassu pecar) 10.8
Orangutan (Pongo pygmacus) 7.1
Gorilla (Gorilla gorilla) 3.9
Chimpanzee (Pan troglodytes) 2.2

Data from Constantino et al. (2010).

Fig. 8. Tooth splitting in a peccary (Tapassu pecari). Image 1is
from specimen collection at the Museum of Natural History at
the Smithsonian Institution in Washington, DC. Scale marker
10 mm.

III. FRACTURE MECHANICS AND BITE FORCES

(1) Basic fracture mechanics

We find that fracture patterns in teeth are most amenable
to analysis by the discipline of ‘fracture mechanics’—the
study of how cracks initiate and propagate within structures
(Lawn, 1993). In brittle materials cracks tend to start from
microcrack-like ‘flaws’ (Griffith, 1920)— pre-existing, stress-
concentrating defects in the microstructure. Once initiated,
cracks are driven by tensile stresses perpendicular to the crack
plane (‘mode I’ fracture), occasionally augmented by shear
stresses (‘mode II' or ‘mode III’ fracture). In compressive
loading, cracks tend to extend closely parallel to the axis of
greatest compression, in order to maximize mode I. Fracture
is not always abrupt, but can be preceded by an extended
stage of stable growth (e.g. Fig. 4). It is not determined by
a critical tensile stress at any specific location, but rather by
the intensity of the stress field at a crack tip—the so-called
‘stress intensity factor’ K. Cracks extend when this quantity
reaches a critical value Ag = 7, termed the ‘toughness’
(resistance to crack propagation). Toughness has unusual
units, incorporating both stress (Pa) and dimension (m), i.e.
Pam!? = N m™3/? It is widely considered to be a material
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property, particularly in homogeneous materials like glasses
and fine-grain ceramics. However, in more heterogencous
structures toughness can become a function of crack history.
For instance, in polymeric composites reinforced by stiff
fibres (or layers—e.g. nacre) cracks usually find it easiest
to travel along weak fibre—matrix interfaces. Accordingly,
toughness for fracture across fibres can be much higher than
between them (anisotropy). Cracks that are forced off an easy
path may face increasing resistance as they progress, due to
bridging of the crack walls by fibres pulling out behind
the advancing tip (‘R-curve’ behaviour) (Marshall, Cox
& Evans, 1985). Materials can therefore contain inherent
weakness but nevertheless possess respectable toughness
(‘damage tolerance’). Other factors can act to diminish
toughness: chemical intrusion of water, by lowering the
fracture surface energy; and cyclic fatigue, by mechanically
eroding the weak fibre interfaces. We shall consider some
of these factors in the context of enamel microstructure in

Section IV.

(2) Tooth models and fracture relations

A basic dome model enables determination of working
fracture relations for common fracture modes in bunodont
teeth (Lawn & Lee, 2009). The tooth is idealised as
a hard, brittle shell (enamel) on a soft, tough interior
(dentine). For simplicity, both enamel and dentine are
taken as homogeneous, isotropic materials with fixed
toughness 7. Important dimensions are lateral tooth
radius R, tooth height A and enamel thickness 4 (Fig. 1).
Loading is assumed to be applied axially by ecither a
hard or soft indenter. Notwithstanding the simplicity of
the representation, the model embodies the main features
of interest here. Importantly, the model is amenable to
formal fracture mechanics analysis, via determination of
stress intensity factors for the individual cracking modes in
Fig. 1.

Despite the complex evolution of the different fracture
modes, basic relations for the critical loads to drive cracks in
their final, ‘far-field’ stages have been developed and refined
for bunodont configurations. Various incarnations of these
relations have been proposed for radial-median (R) cracks
(Rudas et al., 2005; Lee et al., 2010; Barani ez al., 2011) and
margin (M) cracks (Chai et al,, 2009b; Barani et al., 2011)
over the past few years. While margin cracks appear to go to
completion somewhat more casily, the end result is the same,
L.e. a longitudinal ribbon or channel crack fully contained
within the enamel and extending completely around one
side wall (Lee et al., 2009). The critical load for completion of
longitudinal fractures /, can then be represented by a single
power-law relation (Chai ez al., 20095):

P, = CTRd'? (1)

where €' is a dimensionless coeflicient. For teeth of fixed
tooth height 7 = 1.5R, we obtain C ~ 8.0 for R cracks
and C =~ 6.0 for M cracks (Barani ¢t al., 2011). Thus the
form of the equation is the same for R cracks (P, = Pr) and
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M cracks (P, = Py), but with slightly different coefficients.
An analogous form is obtained for chipping (C) fractures
(Constantino e al., 2010; Chai, Lee & Lawn, 2011):

Po = ATRY? @)

where 4 is another numerical coeflicient. The coeflicient
depends on the point of contact relative to the tooth axis at
the top surface: for a mid-point location /#/R = 0.3 (Fig. 1B,
Fig. 4B) we obtain 4 ~ 2.2, independent of A and d. (In
reality, the coefficients ¢ and A depend slightly on the
elastic modulus ratio between enamel and dentine, but that
dependence may be considered negligibly small between
most mammalian species). Note the explicit dependence of
Pr, and Pc on the key dimensions R and d (for fixed H).
The principal material property is the enamel toughness
T, with linear dependence. Whereas the initiation of the
cracks inevitably depends on the size of the starting flaws
from which the cracks originate within the enamel (Lucas
etal., 2008; Lawn et al., 2009), as well as on the indenter
type at the contact, no such dependencies are evident in
Equations 1 and 2, consistent with the existence of a stage of
stable precursor crack growth into the contact far field (e.g.
Fig. 4).

Values of Pr, Py and P are included for each fracture
mode in the data plots of Fig. 4 as the vertical solid lines,
using R =4.9 mm and 4 = 1.3 mm in Equations 1 and
2 for human molars (Osborn, 1981). The tendency for the
predictions to lie at the higher ends of the data ranges
is not altogether surprising given the simplicity of the
axially symmetric dome model. Cuspal radii are considerably
smaller than the side-wall tooth radii (Berthaume ¢t al., 2010),
and the enamel thickness tapers off’ toward the margins,
so the mean values of R and ¢ used in the calculations
may be inappropriately high (Kono et al., 2002). Similarly,
reductions in tooth height /7 may lower the critical loads,
by diminishing the length of the crack path. Off-axis contact
and sliding motion can further reduce the actual critical
loads, by enhancing tensile hoop stresses (Qasim et al., 2006).
Additional reductions in critical loads may be caused by
chemical effects of moisture, manifested as a reduction in
toughness. Moreover, variations in material properties such
as elastic modulus and hardness within the enamel (Cuy ¢t al.,
2002) may be expected to influence the fracture evolution.
Strictly, Equations 1 and 2 apply to hard contacts—a
sufficiently compliant food material may engulf the entire
crown of the tooth in a state of triaxial compression,
preventing margin cracks from extending fully around the
side wall to the crown surface and even suppressing formation
of radial—median cracks altogether (Qasim et al., 2007; Lawn
& Lee, 2009). We alluded to this last issue in our description
of the data trends in Fig. 4. Notwithstanding all these factors,
estimates of critical loads from Equations 1 and 2 appear to
provide useful bounding estimates, above which the tooth is
at risk of catastrophic failure.
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(3) Predictions of critical fracture loads for different
species

The explicit nature of the relations in Equations 1 and 2
renders them especially suitable for predicting maximum
bite forces for bunodont teeth in different vertebrates. All
that is required are representative values of the dimensions R
and d, along with a value for the toughness 7. We proceed
here on the assumption that variations in morphological
dimensions from species to species far outweigh those in
material properties (Lee et al., 2010), so that 7 = 0.7 MPa
m!/? can be regarded as a representative, invariant quantity.
Average values of R and d for molar teeth for selected
animals and hominins are listed in Table 2, with data taken
from various literature sources (Beynon & Wood, 1986;
Demes & Creel, 1988; Ward, Leakey & Walker, 2001;
Kono, 2004; Grine et al., 2005; Olejniczak et al., 2008) or
measured directly in our laboratories from photographs. In
our measurements, we found considerable variability in the
dimensions for any species, consistent with the data scatter in
Fig. 4. The table includes sea otters and peccaries, animals
known to eat hard foods with a similar bunodont tooth
morphology to humans and robust hominins (Walker, 1981;
Constantino e/ al., in press).

Fig. 9 presents fracture forces P, = Py (using ¢ = 6 for
margin cracks) and P for the species listed in Table 2, along
with comparative estimates of bite forces from jaw mechanics
(where available) (Demes & Creel, 1988). The different
force estimates for any given species agree to better than
40%, which is perhaps surprising given all the assumptions
underlying the calculations. Absolute values lie in the range
500 N to 2000 N, sufficient to break open many hard food
objects (Lucas et al,, 1994; Lucas, 2004). Relative values

2000
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among species may be regarded with greater confidence.
Thus, the great apes show sequentially increasing bite forces
from chimpanzees to orangutans to gorillas. Of the hominins,
Paranthropus boiser (‘nutcracker man’) appears to have been

Table 2. Data for molar teeth of various mammalian species.
Values are means =+ standard deviations

Tooth size Enamel

Species R (mm) thickness ¢ (mm)
Human (Homo sapiens) 494017 1.340.1°
Chimpanzee (Pan troglodytes) 54 £0.1% 0.81 £0.1°
Orangutan (Pongo pygmacus) 6.6 + 0.4* 1.0 £0.1°
Gorilla (Gorilla gorilla) 7.3 £0.4* 1.0+0.1°
Baboon (Papio ursinus) 6.2¢ 0.85¢
Sea otter (Enhydra lutris) 7.0 £ 0.2¢ 0.65 £ 0.1¢
Peccary (Tayassu pecari) 7.54 1.04
Giant panda (duluropoda 114 1.34

melanoleuca)
Australopith (Australopithecus 6.7¢ 1.9¢

anamensts)
Paranthrop (Paranthropus botset) 9.0+ 0.2 2.8+£0.2f

aData for male animals from Demes & Creel (1988), R = /5 (total
molar crown area/3)!/?, with molar crown areas as the sum of
the product of buccolingual and mesiodistal diameters of the three
molar teeth for each species.

PData from Kono (2004), average enamel cap volume divided by
DEJ area.

‘Data from Grine et al. (2005) and Olejniczak et al. (2008).

dData from new measurements, calculated as in Demes & Creel
(1988).

“Data from Ward et al. (2001).

fData from Beynon & Wood (1986) and Demes & Creel (1988).

Peccary Panda  Austral Paran

Fig. 9. Predicted critical forces for longitudinal fracture (£,) (using a dimensionless coeflicient ¢ = 6 for margin cracks) and chipping
(Pc) for selected extant mammal and hominin species, calculated from Equations 1 and 2 in conjunction with data from Table 2.
Also included for comparison are jaw mechanics estimates of bite force from Demes & Creel (1988).
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capable of exceptionally high bite forces (Wroe, McHenry
& Thomason, 2005; Wroe et al., 2010; Constantino ef al.,
in press).

IV. ROLE OF ENAMEL MICROSTRUCTURE

(1) Sources of crack initiation

The analysis in Section III is predicated on the existence of
well-developed cracks in enamel. We have demonstrated that
any such cracks in axially loaded dome structures will grow
stably prior to ‘failure’. The notion of tooth enamel as an
homogeneous continuum is perfectly adequate to account
for this propagation phase of the fracture evolution. But how
and where do such cracks start in the first place? Allusions
have already been made to the role of ‘Griffith flaws’ in
facilitating the initiation of cracks in brittle materials. In the
context of tooth failure, such flaws have their origins in the
unique structural architecture that makes up the enamel coat.
Two main sources of cracks within the enamel
microstructure have been identified. The first of these sources
are tufts, hypocalcified, protein-dense fissures originating
at the DEJ. These are present in the enamel of several
mammals including primates (Chai et al., 2009a) and sea
otters (Constantino efal, in press), but have not been
documented comprehensively in vertebrates. As mentioned
carlier, these defects are weak interfaces within the organic
sheaths that bind the mineralized enamel rods, and thereby
have the characteristics of filled microcracks. They tend to
align along axial planes and extend longitudinally around
the enamel walls. Consequently, they are most apparent
in transverse sections, such as that in Fig. 2B. Their wavy,
disjointed traces in such sections are attributed to decussation
of the rod bundles. Despite their disjointed appearance
on the section surfaces, individual tuft segments tend to
reconnect onto contiguous pathways within the enamel
interior (Amizuka et al., 2005; Chai, Lee & Lawn, 2010).
That tufts can act as sources of fracture is readily
demonstrated by sectioning enamel slices from extracted
teeth and subjecting the slices to loading configurations that
simulate the ‘hoop’ tensile stresses experienced in biting
function (Chai et al., 20094, 2010). The advantage of such
tests is that the evolution of any cracks that ordinarily initiate
from within the enamel interior can be followed in situ with a
video camera. An example of one such test on a portion of a
transverse slice from a human molar is shown in Fig. 10 (Chai
et al., 2010). Values of the tensile stresses acting normally to
the tufts are indicated for each frame of the sequence.
Tufts are visible in the enamel as the array of microcrack-
like defects immediately adjacent to the DE]J. Also visible
are cracks extending from the DEJ to the OES. Some of
these cracks were present prior to tensile loading, indicating
past damage history for this particular tooth. As the load
increases, the pre-existing cracks become more visible as
they open up. But importantly, new cracks (arrows) emerge
from the tuft array and propagate steadily, if sometimes
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Fig. 10. Transverse slice of enamel tested in tension. Only
part of the enamel periphery is shown. Continual loading from
A to C causes cracks to generate at tufts (arrows) and propagate
progressively from the dentine—enamel junction (DEJ) to the
outer enamel surface (OES). Tensile stresses normal to tufts are
shown on the right. Reproduced from Chai ¢ al. (2010).

discontinuously, across the section. The spacings between
the cracks have a certain regularity, consistent with a form of
mnteraction between neighbours known as ‘stress shielding’
(Chai et al., 2010). This shielding effectively relaxes the stress
intensity acting on any individual tuft, with a consequent
stabilizing influence on the ensuing crack evolution. It may
be emphasized that tests on several specimens showed that
crack initiation always occurred at the DEJ and never at
the OES, contrary to conventional wisdom within the dental
community.

The second main source of crack initiation in enamel is
yield deformation from hard, concentrated contacts. Weak
interfaces within the microstructure render enamel highly
susceptible to shear-activated slippage along inter-prism
boundaries. Shear stresses can be a significant component
of contact fields, typically three or more times greater
in magnitude than tensile stresses (Tabor, 1951). In a
recent series of publications using the nanoindentation
methodology, L.H. He and M.V. Swain and co-workers
have documented extensively how such slippage accounts
for contact yield in enamel (He, Fujisawa & Swain, 2006;
He & Swain, 20074, b, ¢, 2008; Xie, Swain & Hoffmann,
2009¢; Xie etal., 20095). We see the same kind of yield
deformation in our experiments on extracted teeth in loading
with hard indenters, manifested as a cuspal flattening (Lawn
et al., 2009). Deformation of this kind intensifies local stress
concentrations at the ends of ‘slip faults’ in the enamel
subsurface, and this intensification increases with applied
loading until the faults open up into internal fissures (Lawn
& Evans, 1977). At much lower loads, well below the crack
mitiation threshold, repeated reverse slipping from multiple
microcontacts can cause frictional attrition of the slippage
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interfaces, leading to material removal and exacerbated wear
(Lawn et al., 1994).

(2) Inhibition of crack propagation

Upon initiation, longitudinal cracks can propagate through
the enamel as depicted in Fig. IA. Radial-median cracks
can either originate from tufts at the DEJ (radial) or from
shear faults within the near-surface yield zone (median)
(Lucas et al., 2008): radial cracks are more likely in thinner
enamel, because of high flexural tensile stresses at the
enamel undersurface; conversely, median cracks are more
likely in thicker enamel, because tensile stresses then
concentrate immediately beneath the contact. Once cracks
penetrate through the enamel thickness, any distinction
between radial and median becomes blurred, and the
fracture front is free to propagate around the enamel wall as
R cracks. Margin or M cracks are believed to originate at
tufts, or from lamellae that subsequently develop from these
tufts. Chipping or C cracks begin within the enamel interior
from the yield zone beneath a concentrated load as indicated
in Fig. 1B.

The influence of microstructure is not limited to the
initiation stage of fracture. Repeated reference has been
made to the role of weak inter-rod interfaces in providing
preferred crack paths. However, periodic reorientation of the
fibre bundles in regions of high decussation tends to disrupt
such easy paths, by causing cracks to deflect and bifurcate
(Koenigswald et al., 1987). To continue propagating, the
cracks have to break up and re-form continually along
their front—and, in the process, pull out any unruptured
prisms that bridge the crack walls behind the advancing
front. Crack-interface bridging is a common occurrence in
fibre-reinforced composites, and is capable of dissipating
considerable energy, with consequent progressive increase
in toughness (Marshall ef al.,, 1985). It is a bit like trying to
split a log of wavy grained wood. Decussation in human
teeth is highest adjacent to the DEJ, so toughness may be
expected to be enhanced in this region. Experiments in
which controlled cracks are driven through sectioned and
sliced enamel specimens suggest that toughness near the DEJ
may be up to four times higher than at the OES (Bajaj
& Arola, 2009q, b). Thus, because they initiate near the
DEJ, radial and margin cracks may be initially impeded, but
once they penetrate to the OES they become free to extend
longitudinally around the outer enamel surface regions with
relatively small inhibition. This would explain why the traces
of well-developed longitudinal cracks in transverse sections
(e.g. Fig. 2B) often appear wider at the OES than at the DEJ.
Thus, as demonstrated in Fig. 10, the conclusion that the
cracks must have started from the OES cannot be justified
from such post-mortem examinations of fracture alone.

Other microstructure-related factors can have a stabilizing
influence on the fracture of enamel. Elastic modulus, as
well as toughness, can exhibit significant gradients across
the enamel thickness. Digital mapping of modulus from
nanoindentation data indicates values up to twice as high
at the OES than at the DEJ (Cuy e al., 2002; Darnell ¢ al.,

2010; Lee et al., 2010). Such gradients may be attributable
to point-to-point variation in mineral content within the
microstructure. It is arguable that a lower modulus may
relax the build-up of tensile stresses near the DEJ. In
addition, newly extended cracks can self-heal, by infusion
of protein-rich fluids from the saliva or from the tooth
itself, in much the same way as the tufts from which they
originate. Such healing has been demonstrated by emplacing
Vickers microindentations immediately adjacent to traces
of aged margin cracks on transverse sections (Myoung
et al., 2009). Penetration of indentation corner cracks across
the larger margin crack interface signifies the presence of
solidified adhesive matter. Healing of this kind can inhibit
otherwise unrestricted extension of the cracks over time
(Roach, Lathabai & Lawn, 1988).

V. DISCUSSION OF FRACTURE OBSERVATIONS

We argue that the presence of cracks in teeth can
reveal unique information about the history of different
vertebrates—what forces they used to consume their
food and ideally even the nature of the food itself. Our
argument, foreshadowed in earlier articles (Lucas ¢t al., 2008;
Constantino ¢/ al., 2010) and here refined and expanded into
a broader perspective, emerges from the confluence of two
seemingly disparate areas: biological function and fracture
mechanics (Lucas, 2004). The basis of the fracture mechanics
is a test protocol that simulates biting, in which dome tooth
models or actual extracted molar teeth are subjected to axial
loading with hard or soft indenters. In situ observations with
video recorders demonstrate the distinctive nature of the
cracking process. Different fracture modes are identified,
primarily longitudinal (radial-median R and margin M)
cracks and chipping (C) cracks, both usually contained fully
within the enamel. It takes extreme overloading to drive these
cracks into the dentine to split the tooth. Once initiated,
cracks can grow incrementally, heal, grow again, over
the loading history; their development tends to be highly
stabilised. The tooth shell structure distributes essentially
compressive contact stresses around the enamel walls, rather
like the dome of a cathedral. The stiff enamel shell shields
the soft dentine from the external forces, offering mechanical
protection. However, secondary, tensile stresses within the
enamel are by no means insignificant, and occur at sufficient
levels to drive fracture. Enamel microstructures contain
weak inter-rod interfaces and defects such as tufts, affording
easy fracture and slippage paths. Crack containment comes
from stress relaxation interactions between defect arrays, rod
decussation, and self-healing by intrusion of proteinaceous
fluids. This last may explain how human teeth can contain
a plethora of fissures without accelerated carious infection.
The picture emerges of teeth as ideally adapted to sustain
damage, structured to live with cracks rather than to avoid
them—they are ‘built to last’ (Maas & Dumont, 1999).

The strength of the fracture mechanics approach
embodied in Equations 1 and 2 1s the capacity to quantify bite
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forces for animals with bunodont teeth from straightforward
measurements of tooth dimensions R and d, along with
a representative value for toughness 7. Our fracture
mechanics estimates in Fig. 9 provide upper bounds for
bite forces in the largest teeth in selected species, exceeding
1 kN in some cases. Such estimates enable a useful ‘ranking’
of bite-force capacity for different species. They fall in the
same range as those from biomechanical analysis of skull
musculature (see Fig. 9) (Demes & Creel, 1988; Thomason,
1991; Spencer, 1998; Rayfield et al., 2001; Wroe et al., 2010),
as well as from fracture tests on hard food objects themselves
(Kiltie, 1982; Lucas etal., 1994; Berthaume et al., 2010)
and from bite-force gauge measurements on extant species
(Braun et al., 1995). Our fracture mechanics relations come
from analyses of stress intensity factors & for cracks in dome
structures, resulting in equations that express morphological
and material factors in elegantly simple forms. We have
acknowledged several sources of uncertainty in these relations
(see Section III.2), commensurate with the wide scatter that
typifies tooth-to-tooth variations, even within a single species
(e.g. Fig. 4). It needs also to be emphasized that Equations 1
and 2 pertain to fully formed cracks—initiation of each type
generally occurs at much lower loads. Thus the enamel may
contain only partially developed cracks (e.g. lamellae), and
some cracks that initiate first may ultimately be overtaken by
a competing mode. Notwithstanding all these considerations,
Equations 1 and 2 help formalise what might seem
intuitively obvious—that animals with large tooth radius
and enamel thickness are best equipped to exert high bite
forces.

The identification of stress intensity factor A as the
principal driving force for fracture warrants further comment
in the light of common misconceptions concerning the
condition for structural failure. In their paper on bite forces,
(Demes & Creel, 1988, p. 666) state that ... ‘force per unit
area exerted on the molar crown (occlusal pressure) must
be much the same in all species, regardless of tooth size’.
The compression stress Pyr/ 7 R? across the base area of the
tooth at the critical load Py to cause full margin cracking
has a mean and standard deviation of 6.9 & 1.7 N mm~2
(MPa) averaged over all species in Fig. 9. The relatively small
variation of <25% over the species range might thus appear
to support the thesis of Demes & Creel (1988). However, in
larger teeth and thicker enamel cracks have further to travel
through and around the side walls and thus require higher
bite forces to propagate them to failure. This is because the
stress intensity factor & is not sufficiently specified by a stress,
but depends also on some characteristic tooth dimension.
It follows that conventional finite element modelling (FEM)
widely used in mapping out stress states in geometrically
complex tooth and skull morphologies (Wroe ¢t al., 2005,
20105 Strait et al., 2009) is inadequate for predicting critical
fracture loads. However, the newest, ‘extended’ incarnations
of finite element analysis (XFEM) do in fact contain provision
for incorporation of stepwise crack growth through complex
structures, with capacity to compute A functions through an
entire stable crack evolution, from initiation to failure. In
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the context of tooth structures, the use of XFEM has proved
to be a useful adjunct for validating the fracture mechanics
relations in Equations 1 and 2 (Barani et al., 2011).

We mentioned at the beginning of this review the use
of wear patterns in anthropological studies of dentition.
On a macroscopic scale, wear can be an important factor
in determining tooth lifetime, by removing the protective
enamel coat in the occlusion region and exposing the soft
dentine interior. [In some animals, such as horses, such
wear is an important element of tooth function, by creating
ridges for processing vegetable matter (Rensberger, Forsten
& Fortelius, 1984; Lucas, 2004)]. Interestingly, preliminary
calculations for dome structures with their tops completely
polished off suggest that even severely worn teeth may
still be able to support high bite forces, by redistributing
the loads onto the enamel rim (Ford, Bush & Lawn,
2009). The interactive role between progressive wear and
fracture is an issue that remains relatively unexplored.
On a microscopic scale, wear from multiple contacts with
Wm-scale particulates—grits and phytoliths—leaves telltale
striae, scratches and pits that can be interpreted in terms of
dietary history and subjected to in-depth statistical analysis
(Teaford, 1988; Teaford & Ungar, 2000; Grine ¢ al., 2010).
Microwear analysis is indeed a useful diagnostic tool for
inferring tooth dietary history. We would contend that
fracture mechanics, by providing quantitative information
on actual bite forces that any species must have used to
consume its food, offers a powerful alternative methodology.
Fracture can tell us much more about how teeth work at
the upper extremes of function, commensurate with the
high forces exerted by jaw musculatures and those needed
to break down large food objects. Accordingly, fracture
and wear offer information at opposite ends of the force
spectrum, and should be viewed as complementary rather
than mutually exclusive.

Finally, a few brief words on directions in which future
dental fracture mechanics might head. There is room for
further work on fracture patterns in the teeth of different
animal species. We have been studying such fractures in
sea otters, animals with an anatomically similar dentition
to that of humans but with different molar radius (larger)
and enamel thickness (smaller), with a view to examining
the competition between radial -median and margin cracks
(Constantino e al., in press). Extension of our model to
animals with non-bunodont teeth and to enamel with graded
mechanical properties, in both worn and unworn tooth
morphologies, is also under consideration. In those cases,
a combined fracture-mechanics/XFEM approach may be
required to handle the geometrical complexities.

VI. IMPLICATIONS IN ECOLOGY
AND EVOLUTION

The evidence reviewed here implies that mammals have
evolved specific mechanisms to control crack propagation in
enamel, rather than to prevent cracks from forming in the
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first place. This is a common pattern of structural protection
in biological organisms (Lucas et al., 2004). It is proposed
here that mammalian teeth have evolved to resist fractures
on two levels:

(1) Tooth geometry. One evolutionary defence involves the
enlargement of tooth dimensions. Equations 1 and 2 predict
that both longitudinal fractures and chipping fractures can
be constrained in their development zia an increase in
tooth radius R. The critical force to failure also depends
on enamel thickness &, notably in longitudinal fissures,
although the dependence is not as strong. [Thicker enamel
might serve other purposes, e.g. to suppress initiation of
radial cracks in the first place and to provide protection
against wear (Lucas ef al., 2008)]. These predictions are in
line with intuitive reasoning—as discussed in the preceding
section, larger dimensions increase the load-bearing capacity
by redistributing the stresses over a greater base area.
Such scaling dimensions in the critical force equations
are important because of the enormous interest in dental
allometry (Corruccini & Henderson, 1978; Wood & Stack,
1980; Perzigian, 1981; Gingerich, Smith & Rosenberg,
1982; Fortelius, 1985; Kay & Grine, 1988; Ungar, 1998;
Lucas, 2004).

(2) Enamel microstructure. The second type of defence against
enamel fracture comes from the microstructure. Non-
mammalian vertebrates tend to have structureless enamel
with all mineralized crystals separated by approximately
3nm gaps containing remnant peptide fragments after
maturation (Robinson et al.,, 1997). The peptides bind the
tissue into a resilient biocomposite (Sander, 2000). In
mammalian enamel, the gaps are much larger, on the order
of 100 nm. In this case the gaps or rod sheaths separate
groups or bundles of crystals. The relatively large sheaths
allow for flow of proteins within a fluid-rich suspension
(Shellis & Didbin, 2000). Excessive shear displacements can
cause stress concentrations leading to median crack initiation,
but the deformable sheaths diminish the ‘brittleness’ of the
enamel. It is the capacity of such large gaps to self-heal by
continual replenishment of protein-rich fluids, coupled with
stress shielding between tufts and decussation of rod bundles,
that gives mammalian enamel its long-term damage control.
It is not known how prevalent tuft structures may be in
other animal species or fossils, although enamel voids in
some larger dinosaur species may represent their equivalent
(Hwang, in press). The prevalence of lamellae structures
in other species has also not been widely reported, other
than in rats (Ratlus norvegicus, strain unknown) (Will, River &
Rosen, 1971). Further studies are needed to elaborate on the
form of enamel microstructure in the context of biological
evolution.

We have asserted that clues to biological function may
be found in the examinations of cracked dentitions from
living and extinct animals. The fracture patterns in Figs 6
and 7 have the same characteristics as those produced in
the ex viwo laboratory compressive loading tests on human
molars, implying that they formed during function. Chipping
cracks, by virtue of their rough, scallop-shaped spall, leave

the clearest fingerprint. Longitudinal cracks may require
judicious illumination to reveal them, in the same way
that dentists light up lamellae in human teeth (Fig. 5). The
question then arises: did these cracks occur antemortem or
postmortem? Shrinkage stresses associated with long-term
dehydration or inadvertent stresses arising during specimen
preparation may generate additional tension in enamel,
inducing existing cracks to open up or new ones to form. In
the case of chipping, an oft-cited argument as evidence
for life events is the presence of use-wear rounding at
the chip edges (Wallace, 1973; Ward et al., 2001). As to
longitudinal cracks, providential deep brown staining by
tannins (Prinz & Lucas, 2000) can expose any larger in-
life fissures. Stains from consumption of immature leaves
(Coley, 1983) and fruits (McArthur, Sanson & Beal, 1995)
are often used as proof of tooth eruption in herbivorous
mammals (Kelley & Schwartz, 2010). We suggest that this,
together with the strong similarity between fracture patterns
in museum tooth specimens and laboratory-tested human
molars, constitutes compelling evidence for crack formation
from near-axial loading during function. However, even if
the cracks observed in Figs 6 and 7 did not occur during
lifetime activity, Equations 1 and 2 remain a powerful means
of estimating bite forces, bearing in mind our verification of
the essential fracture mechanics by failure tests on human
tooth specimens.

This brings us to the issue of diet. Repeated allusion
has been made to hard versus soft food eating among
different mammalian species, particularly as to how such
foods influence the evolution of skull and tooth morphology.
Enamel fracture patterns such as those in Figs 6 and 7
can shed some light on this issue, although care needs
to be exercised in drawing broad conclusions. While the
fracture mechanics is quantitatively explicit in its predictions
of bite forces, inferences in relation to diet are more
subjective. As pointed out, soft contacts tend to prevent
margin cracks from extending to the crown surface, and
to suppress radial -median cracking altogether. Accordingly,
the appearance of partial margin cracks in the gorilla and
baboon teeth in Fig. 6 is consistent with a soft food diet.
The presence of incomplete radial cracks localized about the
cuspal regions would indicate hard food contacts, although
clear examples are not evident in Fig. 6. It is possible that
any such top-surface damage might be worn away over a
lifetime of eating. In many of the cases shown in Fig. 6
the longitudinal cracks extend completely around the tooth
side wall, suggesting that at least part of the diet was hard
foods. A more definitive indicator of hard food contacts is the
presence of chips, for these can only initiate beneath highly
concentrated forces at the crown surface (Constantino e al.,
2010). For example, relative to chimpanzees, orangutans
include nuts and seeds on their menu (Vogel et al., 2008),
and show a correspondingly higher incidence of chipping
fractures (Table 1) (Constantino ez al., 2010). This implied
greater capacity for orangutans to consume hard foods is
consistent with the calculated critical loads in Fig. 9, some
50% greater than for chimpanzees. Gorillas, on the other
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hand, chew tougher materials over more extended periods,
necessitating larger teeth to deal with a higher work rate.
We suggest that fracture resistance of mammalian dentition
1s subject to strong selective pressures, with tooth dimensions
optimised to enable maximum efficiency in food processing
(Lucas, 2004).

Consideration in the present work has focused on teeth
with low, rounded, bulbous, bunodont cusps. The same
types of cracks also pose a threat to other forms of
dentition, including the hypsodont (high-crowned) form in
herbivores such as artiodactyls or perissodactyls where teeth
more resemble tall columns (Lucas 2004). The dependence
of critical load on tooth height A alluded to briefly in
Section III.2 1s potentially of importance in understanding
the evolution of hypsodonty. The teeth of herbivores
continually wear down during chewing, exposing enamel
ridges separated by dentine. In addition, the enamel of
many herbivores is covered by a thin layer of cementum,
a bone-like tissue usually only found on the tooth root
in other vertebrates. Most non-mammalian vertebrates do
not face long-term damage because they produce many
generations of teeth (polyphyodonty), replacing individual
teeth rapidly. Non-mammalian vertebrates do not need
long-term damage control, and thus lack a prism sheath,
with all crystallites tightly bound (Sander, 2000) to resist
surface wear. It is diphyodont mammals that have the issues,
particularly with their permanent dentition that must survive
through adulthood. Investigation into some of these different
morphological configurations is underway.

VII. CONCLUSIONS

(1) Enamel is susceptible to antemortem cracking which
can be used to infer tooth function and, by extension, dietary
history.

(2) Two principal fracture modes in enamel are identified:
side-wall ribbon (or channel) cracks running longitudinally
either from the cuspal surface toward the margin
(radial -median cracks) or from the margin toward the cuspal
surface (margin cracks); chipping cracks, running laterally
from a concentrated contact at the occlusal surface to cause
a side-wall spall.

(3) Analysis of the fracture patterns in tooth enamel
provides explicit critical load relations for each mode
in terms of material properties and characteristic tooth
dimensions.

(4) The critical load relations provide a simple means
for predicting bite forces in living and extinct mammals
with bunodont teeth. Tooth morphology is shown to be the
dominant variable controlling these forces.

(5) The unique microstructure of tooth enamel confers
teeth with an innate resilience against continual stress over
a lifetime of function. Despite inherent microstructural
weaknesses, enamel i1s well configured to stabilise and contain
fractures within the overall tooth structure.

James J.-W. Lee and others
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