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The wear of teeth is a major factor limiting mammalian lifespans in the wild.
One method of describing worn surfaces, dental microwear texture analysis,
has proved powerful for reconstructing the diets of extinct vertebrates, but
has yielded unexpected results in early hominins. In particular, although
australopiths exhibit derived craniodental features interpreted as adap-
tations for eating hard foods, most do not exhibit microwear signals
indicative of this diet. However, no experiments have yet demonstrated
the fundamental mechanisms and causes of this wear. Here, we report nano-
wear experiments where individual dust particles, phytoliths and enamel
chips were slid across a flat enamel surface. Microwear features produced
were influenced strongly by interacting mechanical properties and particle
geometry. Quartz dust was a rigid abrasive, capable of fracturing and
removing enamel pieces. By contrast, phytoliths and enamel chips deformed
during sliding, forming U-shaped grooves or flat troughs in enamel, without
tissue loss. Other plant tissues seem too soft to mark enamel, acting as
particle transporters. We conclude that dust has overwhelming importance
as a wear agent and that dietary signals preserved in dental microwear
are indirect. Nanowear studies should resolve controversies over adaptive
trends in mammals like enamel thickening or hypsodonty that delay
functional dental loss.

1. Introduction

Dental wear, the loss of tooth tissue, threatens the survival of individual mam-
mals in the wild by jeopardizing their rate of food acquisition and processing
[1-3]. Studied intensively for 60 years [4], wear patterns reflect the diet of
living mammals and are capable of predicting diet in extinct forms [5-8].
This has been studied at various scales of measurement [9]. Macroscopic
wear is ultimately what affects masticatory ability to reduce food particle
sizes. The visible facets that form on molar teeth can be used to track changes
in dental function and jaw movement [10], and are stable enough in position
across species to trace the relationships between groups of early mammals
[11]. However, the actual marks produced by wear mechanisms are micro-
scopic. One analytical technique, dental microwear analysis, concentrates on
describing the microscopic surface damage sustained by teeth when they
collide with each other or with extraneous particles during feeding [12].
Species that consume leaves and other non-reproductive parts of plants seem
to accumulate finely scratched tooth enamel surfaces with aligned features,
while ‘hard object’ feeders tend to exhibit irregular or pitted wear patterns
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Figure 1. (a) Scanning electron microscopy (SEM) image of a squash phytolith (arrowed) mounted on the flat-ended titanium nanoindenter tip. (b—d) Pre-test
screening of chemical identity of each mounted particle by energy dispersive spectroscopy (EDS). No sputter-coating was necessary. Dust and phytoliths have distinct
elemental compositions, while Ca and P peaks for enamel reflect hydroxyapatite. (e) A squash phytolith has rubbed an enamel surface, a broken fragment of which
remains embedded in the enamel. Note the U-shaped trough lying to the left of the fragment. (f) Part of the surface of a quartz dust particle, post-test, littered
with small enamel chips, one of which is arrowed. (g) The joint identity of quartz particle and an enamel chip was confirmed by spot EDS analysis, with the Ca and

P peaks reflecting enamel, as in (c), with the other peaks mirroring those in (d).

[12,13]. Hard object feeders are hypothesized to fracture food
items between tooth facets that are moving directly towards
each other, leading to pit formation, while scratches are sus-
pected to form as food is trapped between tooth surfaces
sliding past each other [12,13].

Much significance has been placed on microwear analysis
for dietary reconstruction in fossil hominins. However, a dis-
parity between functional morphology and microwear has
become apparent. For example, the microwear of the East
African robust australopith Paranthropus boisei differs from
that of South African Paranthropus robustus despite cranioden-
tal similarities. Both species share large low-cusped thick-
enamelled post-canine teeth rooted in thick mandibles
moved by large masticatory muscles. All this suggests a diet
of hard food items for both these australopiths [14-17].
However, despite suffering heavy macroscopic wear, the
teeth of P. boisei appear finely scratched, apparently suggesting
a diet including tough, compliant foods that isotopic evidence
indicates might have included tropical grasses and sedges [18].
Similarly, it has been argued on biomechanical grounds that the
gracile australopith Australopithecus africanus was also adapted
to eat hard foods, and yet the microwear of this species appears
not to preserve evidence that such foods were consumed regu-
larly [13,19-21]. However, interpretations are complicated by
the fact that the mechanical basis of microwear formation has
yet to be established experimentally. Importantly, the hypoth-
esis of feature formation described above does not consider
the mechanisms involved, particularly as influenced by mech-
anical properties and contact geometry, although these factors
are known to be of utmost importance [22,23].

The literature suggests that three types of particles war-
rant special consideration for microwear because of their

supposed hardness: phytoliths, quartz dust and enamel
chips. Some authors contend that plant phytoliths, made of
amorphous, hydrated and porous silica, are important wear
agents [24-27]. However, although portrayed long ago as
harder than enamel [24], phytoliths are actually softer,
possibly rendering them ineffectual [28]. Despite this, exper-
imental evidence shows that phytolith formation is induced
in plants by mammalian herbivory and that this deters
further feeding [29,30]. Extraneous dust ingested with food
is often composed of quartz, but the efficacy of this crystalline
form of silica as a wear agent has been based on microhard-
ness measurement. This scale of indentation must be
inaccurate for small particulate matter because indentations
need to be much smaller than particle dimensions not to
result in erroneous hardness estimates [31,32]. Finally,
although there are few published comments on the mechan-
isms by which teeth wear each other, it is known that enamel
surfaces do so, producing smooth facets [33] that perforate
into dentine. It is then entirely possible that dental con-
tacts are the main culprit and that teeth often simply wear
themselves out.

In order to investigate the major mechanism operating in
dental wear and characterize the damage caused, we have
developed a method of mounting individual particles of
known hardness, morphology and elemental composition
on a customized nanoindenter tip (figures 1a, 2b and 4a).
We combine this with a novel model of the wear process,
which distinguishes between two actions: that of rubbing
and abrasion. When a rigid particle damages enamel, the
latter can either be abraded by elastic/plastic chipping or dis-
placed by a ‘standing wave’ (prow) moving ahead of the
particle. Abrasion results in wear (material loss), while a
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Figure 2. A rigid particle sliding on a surface rubs or abrades depending on the attack angle 3. (a) Abrasion removes material by chipping, while rubbing produces
plastic displacement with a prow in front of the particle displacing enamel into lateral ridges. Assuming a triangular pyramid moving facet-first on enamel (angles
as shown), a sliding force £, normalized to enamel shear yield stress 7, and the square of indentation depth ¢ (= 0.5 wm to conform with experiment), abrades
when 8 > 40°, but rubs when 8 << 40°. (b—e) Features of a quartz dust particle that removed an enamel chip at a fixed vertical force of 1800 pwN. (b) Stereo
light microscopic views show quartz attached to the titanium tip (cyanoacrylate glue produces the halo effect) prior to the scratching test. (c) The same quartz dust
particle post-test, showing a clump of enamel chips (arrowed) retained on the particle after having been fractured away from the enamel surface. Inset for (c) shows
a dump of these enamel chips (SEM). (d,e) Top and side views of same particle post-test, but the enamel chips having been removed (SEM). Particle has peaks,

arrowed in (e), with 8 > 40° that removed the enamel in (c).

prow simply rearranges the surface, creating ridges alongside
an indentation (figure 2a). The latter is a ‘rubbing’ action
without material loss. These alternatives depend on particle
geometry, friction, the shear yield stress (represented in our
study by indentation hardness, of which it is a simple mul-
tiple) and fracture toughness (see appendix A). Both
rubbing and abrasion lead to depressions in a surface. In
the following account, we refer to a linear depression as a
‘groove’ if it is narrow or a ‘trough’ if it is wide, reserving
the term ‘scratch” for when there is evidence of material
removal (i.e. of wear).

2. Material and methods

Phytoliths were obtained via low-temperature acid extraction
[34] from Cucurbita moschata Duchesne ex Poir. fruit (squash)
rind and from Ampelodesmos mauritanicus (Poir.) T. Durand &
Schinz (grass) leaves. Such extraction should not affect phytolith
properties [35]. Dust was obtained from a Kuwaiti landscape,
washed, dried and then sieved to obtain a sub-70 um fraction.
Samples of these particles were set in resin prior to nanoindenta-
tion. We chipped enamel from the molar of an orangutan
(isolated molar of Bornean Pongo pygmaeus, from the Raffles
Museum, National University of Singapore) by holding it against
the edge of a low-speed diamond saw to obtain particles for the
nanoindentation experiments. This molar was set in resin and
sectioned longitudinally with that saw. Enamel located mid-
way between the enamel-dentine junction and the tooth surface
was used in all tests. All surfaces for nanoindentation were

polished down to 20 nm r.m.s. surface roughness using colloidal
silica. Indentation hardness was obtained by nanoindentation
with a Hysitron Ubil (Minneapolis, MN, USA) with a Berkovich
diamond tip. The diamond tip was calibrated against fused
quartz samples. Depths of indentation were 150-400 nm with
forces of 2-4 mN. Dust, phytoliths and orangutan enamel
chips were attached individually to a customized flat-ended
500 wm diameter titanium tip, dipping the tip first into a drop of
cyanoacrylate glue, then inverting it onto the particle (figure 1a).
Attachment was confirmed by optical reflectance microscopy
and scanning electron microscopy (SEM, Jeol 7001F, Tokyo,
Japan). Prior to nanotesting, the elemental composition of each
particle was confirmed by energy dispersive spectroscopy (EDS,
Oxford, Abdingdon, UK) attached to the SEM (figure 1b—d). Speci-
mens were not sputter-coated for this purpose because this would
affect the nanowear tests. Some charging of the specimens resulted,
but this did not interfere with elemental analysis. The titanium
tip with particle was then placed in the nanoindenter. Tests
involved particle-enamel contacts with lateral displacements of
a maximum 10-15 pm at fixed vertical forces of between 600
and 1800 pwN. Lateral forces could be monitored. Results were
examined by scanning in an atomic force microscope set in
tapping mode (Agilent 5500 AFM, Santa Clara, CA, USA). All
the above nanowear tests were conducted in an air-dry, but not
desiccated, state.

3. Results

Nanohardness results (table 1) showed that quartz dust was
approximately 2.5 times harder than enamel. Both types of
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Figure 3. Rubbing action of a phytolith. Topography of a nanogroove produced by squash phytolith on enamel (vertical force of 600 N, atomic force microscope
(AFM) image). The groove is oriented along an enamel prism. The depth profile shows the prow at the end of the groove.

Table 1. Means (s.d.) of nanoindentation hardness values for potential wear agents. n is the number of samples, mean the s.d. All tests used a Berkovich

grass (n = 17)

2.56 (0.81)

quartz dust (n = 117) enamel (n = 100)

12.8 (1.07) 5.0 (0.28)

diamond tip.
phytoliths
property squash (n = 14)
indentation hardness (GPa) 0.89 (0.48)
Jdaamnge OB

phytolith were substantially softer than enamel, but those
from squash rinds were softer than those from grasses
(table 1). Ranges for the hardness of squash phytoliths,
quartz dust and enamel did not overlap. Thus, these phyto-
liths, enamel chips (derived from this same enamel surface)
and quartz dust were used in further tests (EDS spectra
shown in figure 1b—-d). Each of these particle types could
mark enamel at vertical forces ranging between 600 and
1800 wN. Averaged lateral forces varied between 30 per
cent and 80 per cent of the vertical load. The quartz particle
shown in figure 2b was responsible for detaching enamel
chips (figure 2c) and thus scratching it since it possessed sur-
face features with the right attack angles (figure 2d,e). Squash
phytoliths marked enamel, but made rubbing contacts with
prow formation (figure 3). The grooves that phytoliths
formed resembled U-shaped valleys (figures 2¢ and 3).
Enamel chips (figure 4a) could make multiple marks on
their parental surface depending on their form, but these
appeared as flat troughs (figure 4b) indicating rubbing due
to mutual deformation.

4. Discussion

Our wear theory (see appendix A) suggests that enamel can
only be abraded by particles hard enough to make rigid-
plastic contacts and which possess a sufficiently high attack
angle B (figure 2a). Enamel is protected from abrasion by its

1.35-4.24

10.1-14.1 4.08-5.72

high hardness, which reduces the types of particle that can con-
tact it without mutually deforming, and also by its toughness,
which controls the minimum value of 8. From this perspective,
many potentially dangerous particles would lack the attack
geometry to inflict wear on enamel. Contacts with these and
other particles would, at most, merely rearrange the enamel
surface via rubbing. While such rubbing may eventually lead
to wear, many further contacts are required before cracks
detach the tissue [23]. Neither the theory given here nor our
experiments, enlightens about such long-term damage, but
the immediate response of enamel to contact with individual
particles could be investigated.

We have shown that quartz dust abrades enamel under
the right circumstances (figure 2b—e), resulting in immediate
loss of enamel volume. By contrast, contacts between enamel
and a squash phytolith, as also with an enamel chip on its
parental surface, appear to involve substantial mutual defor-
mation [36]. The latter rub enamel with a “prowing’ action,
without producing tissue loss (figures 3 and 4). These results
are as predicted, given the relative hardness of each of these
particles (table 1).

In these experiments, abrasion by quartz particles pro-
duced rough-edged microwear pits reflecting the fracture and
separation of micron-sized enamel chips. Enamel is sur-
prisingly a damage-tolerant tissue [37], partly because its
constitutive crystallites can jostle to some extent to rest in
new locations, so accommodating an indentation without
fracturing [38]. However, the fracture and removal of small
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Figure 4. Flat channel-like troughs produced by an enamel chip. (a) Chip on the nanoindenter tip prior to test. (b) Topography of multiple troughs produced by
this chip on parental enamel surface (vertical force 1600 N, AFM image). Depth profiles (graphs) show these scratches that are shallow troughs approximately

10 nm deep.

enamel chips were clear in our experiments (figures 1f and 2c
inset). In this respect, enamel may resemble modern ‘tough’
ceramics that permit micro-cracking in a confined region
under an indenter because, somewhat ironically, this inhibits
the possibility of any catastrophic fracture [39]. Cone cracks,
typical of scratching damage on homogeneous fine-grained
ceramics [40], have been suggested as explanations for such
fractures in enamel [41]. However, we saw no evidence of
them and they appear to be suppressed by enamel structure
[39]. Instead, abrasion is likely to be the result of median
cracks that turn towards the enamel surface, as is also seen in
larger-scale chipping events [42].

The release of enamel chips via abrasion may rub the par-
ental surface. If so, then our results suggest that this would
leave smooth flat-bottomed troughs (figure 4). Production
of these troughs via enamel chips or larger-scale tooth—
tooth contacts is consistent with in vivo observations of the
relatively featureless enamel surfaces that form on guinea
pig molars via jaw movements in utero [33]. Variations in
enamel properties could complicate this picture. Hardness
increases gradually from inside to out [43,44], but the gradi-
ent is generally too shallow to affect predictions from our
study. Enamel toughness is affected strongly by the decussa-
tion of enamel prisms, but this effect is much more
pronounced in larger cracks than those encountered during
indentation [45]. Although the shape of crystallites and dis-
continuities across prism boundaries must have an effect on
the shape of the chips shown in figure 2c, it may be for the
above material property reasons that enamel microstructure
tends to be ignored in microwear reports.

Finally, phytoliths produce U-shaped grooves with ridges
beside them. Remnants of a prow at one end of the groove

indicate its termination, and thus give directional information.
No previous study seems to have found this. Most in vitro
experiments have employed mass contacts of enamel with
‘sand’ (probably quartz) [46,47] or very hard silicon carbide
[48] particles, and have thus studied rigid-plastic contacts.
Ryan [46,47] focused on the inconstant width of grooves
along their length, but varying patterns have been reported
by others [33,49], any of which would be predicted simply to
reflect a variable vertical force during sliding.

It would appear then that the patterns found in our exper-
iments could be useful in deciphering in vivo microwear
patterns via the identification of individual features on AFM
scans. Current trends in microwear analysis have moved
away from individual feature recognition on worn surfaces
[6,50], concentrating instead on descriptions of its texture
[8,13,51-53]. However, although this is helpful for compari-
sons, this will not indicate how the surface was worn. From
the perspective of materials science, neither the troughs nor
grooves produced by enamel chips and phytoliths, respect-
ively, are true scratches because neither removes enamel
from the surface directly. When individual features in micro-
wear analyses are described, it would be helpful in terms of
mechanisms and causes to distinguish them.

Enamel markings produced in these experiments prob-
ably indicate the level of force involved in their formation
in the wild. Dust particles can be smaller [54] and chips
very much larger [17,42], but our model nevertheless predicts
that the forces involved in micro-feature formation are tiny
compared with the bite force maxima of mammals. Orangu-
tans, whose enamel was used in these experiments, can
produce bite forces of 2000N [55], giving capacity for
thousands of scratches, grooves, troughs or pits from just
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one chew were particles to be present in large quantity.
The saving grace is that quartz is probably only ingested in
small quantities by mammals. It would be important to
establish this by distinguishing phytoliths from quartz, for
example in the silica intake of herbivores [56]. Despite this
lack of knowledge, our experiments strongly support the
view that anatomical adaptations such as hypsodonty
evolved to combat quartz abrasion by prolonging dental
function [57].

The above viewpoint suggests an ironic interpretation of
dental microwear: although a little dust causes greater
enamel wear than many phytoliths, the latter may dominate
a microwear image. For example, East African P. boisei had
heavily worn molars despite their lightly scratched appear-
ance. It is as yet unclear whether or not these marks are
true scratches or rubbing features. These hominins seem to
have inhabited a relatively wet refugium, suggesting a low-
dust environment. However, even small amounts of dust,
particularly as brought in early in the year on winter
plumes [58,59], could explain this heavy wear. This could
be masked by light rubbing from regular phytolith ingestion
later on during the wet season. Much depends on how far
hominins were protected from aridity by the microhabitat
that they occupied, since evidence for some modern groups
in arid locations shows that heavy tooth wear is possible
[60]. However, either possibility indicates some indepen-
dence of microwear and food type. Alternatively, occasional
consumption of plant underground storage organs [61]
might have periodically introduced quartz into the mouth,
their abrasive effect erased by subsequent rubbing against phy-
toliths from more frequent above-ground foods. Phytoliths in
themselves do not seem to provide a clear dietary guide to
plant parts, insofar as many leaves and seeds contain them
[34]. Moreover, it is unlikely that non-siliceous plant com-
ponents like seed shells could abrade enamel [62], given
that they have only 10 per cent of the hardness of enamel at
most [55]. Their consumption would likely be hidden from
microwear analysis. At best, seed shells would rub enamel,
although this still has to be established experimentally.

This work provides a first step towards defining mechan-
isms that determine wear rates in enamel, but the effect of
enamel structure and salivary factors need to be established.
Here, we used the highest values for enamel toughness in the
formulae, adopting those for long cross-prismatic paths.
Wear in other directions may be easier. The effect of saliva
is more complicated in that many proteins adsorb onto the
enamel surface, possibly protecting it to some degree [63].
Physiological mechanisms to avoid wear in mammals include
the stimulation of saliva in response to dust ingestion [64].
Phytoliths are easily large enough for a mammal to detect
between its teeth, and their presence does seem to interfere
with food particle reduction in the mouth [65]. Some existing
evidence suggests that the saliva itself does little to affect con-
ditions, as judged from scratching experiments on enamel
with diamond tips [66], but may help clear particles quickly
from tooth surfaces.

Yet, as developed in this paper, this work appears already
to have profound implications for dietary reconstruction in
hominins. Heavy pitting on enamel may not be evidence of
a ‘hard” food diet, but rather quartz dust. Microgrooves
with remnants of a prow may document the presence of phy-
toliths, but not necessarily reveal any information about food
material properties. We suggest that hypotheses about

hominin diets be reconsidered in the light of our experimen-
tal evidence. The absence of pitting on early hominin teeth
should not be interpreted to indicate an absence of ‘hard’
foods in the diet; neither should the absence of scratches/
grooves be interpreted to indicate the absence of leaves or
other structural plant parts. Examination of the anthropoid
comparative microwear database [13] shows that some
species exhibit microwear patterns consistent with their con-
trasting diets. However, others have patterns that are broadly
similar despite profound dietary differences [21]. The latter
supports our experimental results: it is likely that diet is not
the most important influence on microwear patterns.
Rather, the interpretation of microwear patterns is likely to
require an understanding of the relative abundance of
quartz dust and phytoliths being consumed by primates
within particular habitats.

5. Conclusions

The disparity between the wear potential of crystalline quartz
dust and amorphous, variably hydrated and porous, plant
silica on enamel seems much greater than previously envi-
saged. Longstanding microhardness estimates of 7 GPa for
quartz and 5 GPa for phytoliths [24] have clearly been mis-
leading, almost certainly owing to the use of overly large
indentations in obtaining them. The actual value for quartz
is nearly twice this estimate, which is supported by measure-
ments on bulk specimens of the mineral [67]. Phytoliths are
far softer [28]. However, particle hardness is not enough to
predict what happens. Although engineers and biologists
may think of wear and hardness as linked, doubts about a
causal interrelationship are not new. Mohs scale, the classic
estimate of scratchability, was long ago found “. . . utterly unre-
liable, as a softer body was found to be able to scratch a harder
one, provided a certain angle of the scratching surface were
presented to the surface to be scratched ...” [68, p. 215]. Frac-
ture toughness is the missing factor controlling this
angulation and is the property that resists wear [22,23].
Much needs to be done. On the theoretical side, variation of
the critical attack angle B with indenter geometry requires
investigation. Further research is needed to extend the theory
to include conditions of mutual wear. On the practical side,
the work needs to be extended to dentine. Phytoliths would
form rigid-plastic contacts with this tissue because dentinal
hardness is generally 650 MPa or less [69]. This would influ-
ence the enamel-dentine wear ratio in teeth, where both
tissues are exposed, in a manner not previously contemplated.
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Appendix A

Our mechanical model assumes some translation between
opposing surfaces forced into contact because this has been
demonstrated to be a more important wear mechanism than
static indentation. A groove formed by a rigid pointed indenter
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sliding on a surface displaces material in one of two ways,
either (i) by pushing a ‘standing wave’ (prow) ahead of the
indenter through which material is displaced upwards into
ridges alongside the groove or (ii) by cutting away a ribbon
or chips of material [22,23]. When prows and ridges are
formed, material is merely moved around on the surface. The
first mechanism is called ‘rubbing’ or ‘ploughing’” in tribology.
However, the use of the term ‘ploughing’ is now argued
against because soil is fractured by an agricultural plough,
which is not what happens in the current context. The term
‘prowing’ has been suggested as an alternative and is used in
this paper. The second mechanism, often called ‘cutting’, is
referred to as “abrasion’ in this paper.

The mechanism of prow/ridge formation described in the
paper involves plasticity and friction between the faces of
the indenter and the material; that for abrasion additionally
involves work of formation of new surfaces (fracture tough-
ness). Rigid-plastic upper-bound solutions for the two modes
are restricted to the case of a pyramidal indenter sliding face-
first at variable attack angle B (figure 24; also shown in figs.
4a and 5a of Atkins [23]). The normalized forces for ‘prowing’
are obtained by minimizing the total work done, given by
27, V*s, where 7, is the shear yield strength and V* the velocity
discontinuity along a slip band of length s in the chosen kine-
matically admissible velocity field. There is no closed form
solution for the field and the problem has to be solved numeri-
cally [23]. Calculations show that the normalized forces for
prowing, Foow/7yt%, with t being indentation depth, are least
when B is small. Then they increase gradually with B until
rapid increase as 8 — 90°. These forces are larger, the broader
the semi-apical angle & of the indenter (fig. 4b of [23]). By con-
trast, forces for abrasion are least at very large 3, increasing as 3
reduces. As with prowing, the magnitude of the forces increases
with friction, as would be expected, but more significant is the
parameter, Z = R/7,t, where R is the fracture toughness (in
terms of the energy required to detach unit area of tissue) of
the surface in which the groove is formed (fig. 5b of Atkins
[23]). The solution for abrasion is given in closed form as

Fabrade _ l tan 6 T 27

w2 \Q cos(a — ¢) sin ¢f  cos §|’

where § is the semi-apical angle of the leading face of the inden-
ter, a the rake angle of the leading face and ¢ the angle of the

primary shear plane that depends upon Z. Q, the frictional
factor, is given by

-~ sin A sin ¢
Q=1- {COS(/\ — a) cos(a — 4’)}’

where A is the friction angle, i.e. tan A = pu, the coefficient of
friction [22,23]. On the assumption that the mode of
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