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Abstract

The damage to human dental enamel under cyclic, axial contacts in a silica particle
medium is investigated. It is found that such damage is hierarchical, affecting different

length-scales of the enamel structure. At the contact surface, it consists of micron-sized
defects, with an attendant increase of surface roughness due to microindentation of the
abrasive particles. Below the surface, demineralization of the enamel is observed, which
is attributable to inelastic processes at the nanoscale. Axial-only contacts in particulate
media result in negligible wear at the macroscopic scale, but may degrade the fracture
strength. Potential implications of these results in the fields of dentistry and biology are

discussed.
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1. Introduction

Mastication is a complex combination of normal (axial) and lateral (sliding) forces. The
prevalence of an axial or sliding component largely depends on diet. In particular, it is
assumed that hard foods.dq, nuts) are broken down using axial forces, while chewing
softer/tougher foodse(g, vegetable matter, meat) also requires shear forces (sliding) [1,
2].

Micrometer-scale silica particles in the environment (exogeregsdust [3]) or
in the food source (endogenoesy, phytoliths [4]) are of great importance in dentistry
and paleodontology because when they incorporate into the bolus they have the potential
to damage dental enamel and accelerate tooth wear. At the microscopic level, it is well-
documented that abrasive particles trapped between contacting teeth result in
characteristic microwear signals: pits (axial contacts), and scratches (sliding contacts) [5-
9]. The cumulative effect of microwear events results in enamel macrfowaesevere
wear rate may in turn result in decreased tooth lifetime [10]. Previous studies on the role
of particles in enamel macrowear have focused mainly on sliding contacts. It has been
shown that adding silica abrasives under a sliding contact can increase enamel macrowear
by orders of magnitude, from mild to severe, with respect to a particle-free contact [11].
The wear rate is largely independent of particle concentration, but it may decrease for
higher vol% particles if there occurs a transition in the microwear mode from
microcracking to microplasticity [12].

Despite having been extensively researched in the fields of ceramic materials [13-
19] and coatings [20, 21], the effects of cyclic, axial-only contacts on the damage and
wear of dental enamel are less well-documented. A study applying a small number of
cycles with a sharp Berkovich tip in a nanoindenter showed different fatigue responses in
occlusal and axial sections of enamel [22] . More recent work has found that enamel is

also subject to fatigue from larger, blunt contacts, even at relatively low loads, due to the



nucleation and propagation of ring and radial cracks [23]. Moreover, preliminary studies
of cyclic, axial contacts with particles have established the fundamental differences in the
nature of the surface damage at the microscopic scale (pits) with respect to sliding
contacts (scratches) [6]. However, important issues remain to be addressed. In particular,
do cyclic, axial-only contacts in particulate media result in enamel macrowear? If so, is it
mild or severe? Is the damage comparable with what occurs in sliding contacts?

The present paper seeks to address these issues by simulating axial-only contacts
with suspensions of micrometric size, abrasive silica third body particles (representative
of exogenous/endogenous grit) on human enamel specimens, and subsequently
investigating the ensuing damage at the macro- and micro-scales using a suite of
structural characterization techniques (optical and scanning electron microscopy, Optical
Coherence Tomography (OCT), and Raman spectroscopy). The advantage of these
techniques is that they are non-destructive, and allow surface and sub-surface
examinations while avoiding spurious damage introduced on sectioning by more
conventional mechanicale(g, saw) or electronic e(g, laser, ion beam) cutting
techniques. The damage at the macro-scale is quantified and used to make predictions of
tooth lifetime. The results are expected to be important in the context of the influence of

diet on tooth damage, which has direct implications in dentistry and evolutionary biology.

2. Materials and methods

The collaborating dental clinic supplied dental samples, namely impacted ma@ars (

free of damage) of healthy appearance, collected from young adult patients. Tooth
enamel specimens were fabricated from the supplied extracted human molars. In
particular, flat slices parallel to occlusal surfaces were cut and polished to 1 pum finish

using a conventional ceramographic routine. Preliminary Vickers microindentation tests



(applied load 200 g) were conducted on the enampetimens, and only those of
hardness 3.5-4.5 GPa, characteristic of sound dn2die were finally selected for the
study in order to ensure that the samples were amabjfe. Cyclic Hertzian tests were
subsequently conducted on polished, occlusal mslafaces using a silicon nitride
sphere of radius 6.35 mm (Cerbec NBD 200, CoorsTaélden, CO), as shown
schematically in Fig. 1. Silicon nitride was choses a contact material because it is
harder and stiffer than enamel, in order to entumedamage occurs only in the latter. A
suspension of 0.5 vol% hard, angular silica patiadf mean size 20 um (A. Anglada,
Zaragoza, Spain) in distilled water was introdudextween contact sphere and the
specimen (Fig. 1). A low concentration of micronesilica particles is expected to be
representative of exogenous and endogenous getndlmal load applied wd3=30 N,
which results in a macroscopic contact pressurdimvithe nominal elastic range of
enamel [10]. Tests were conducted in a universl eachine (5535, Instron, Canton,
MA) at a crosshead speed of 6 mm/min, so as to latmuealistic chewing motion
conditions. In between contacts, the sphere edifipproximately 3 mm from the enamel
surface. The numbers of total contact cycles destere 500, 1000, 1500 and 2000.
Three different tooth specimens were tested in eash, giving a total of 12 tests.

The surface of the specimens after testing wasitsd by optical (Epiphot 300,
Nikon, Tokyo, Japan) and scanning electron (S-3608ikachi, Japan) microscopy, and
by contact profilometry (Dektak 150 Surface Profil§eeco Instruments, Plainiview,
NY). The scanning electron microscopy (SEM) imagese obtained using secondary
electrons (thermionic gun) accelerated at 5-15uader 1.510° Pa vacuum pumped at a
relatively low speed to avoid enamel cracking dueéhydration. The low conductivity
of enamel requires surface metallization (gold ioggt prior to observation. Contact
profilometry measurements extended across theeesttar diameter (up tel mm), with

a maximum depth of1 um. The volume of each wear scar was estimated lbstisuting



in the equation of a spherical cap=(mh%3)[(BR-h)) the depth of the scar measured from
the profile ), and the radius of curvaturR)(obtained by fitting a circle to its profile.

In order to investigate possible damage under thdace, three selected
specimens were also inspected by Optical Coher&aosography (OCT) (Callisto 930
nm OCT Imaging System, Thorlabs, USA) and Ramarctspgcopy (Raman/AFM
alpha300 RA, Witec, Germany). While Raman is cadirto the region at the surface
and immediately below, OCT probes a region extandlaeper under the surface. In
particular, Spectral Domain OCT (SD-OCT) B-scan gesm (1 mm width, 1.68 mm
depth, 3.581m x 2.22um pixel size and 0.67 s acquisition time inside gbar; and 1.5
mm width, 1.68 mm depth, 38m x 3.29 um pixel size and 0.67 s acquisition time
outside the scar) were collected at 930 nm wavé#terg all cases, the sample was
slightly tilted with respect to the B-scan axis dvoid imaging artifacts (nonlinear
response of the spectrometer). High resolution Ranspectral imaging (lens
magnificationx50, laser wavelength 532 nm, grating 600 I/mm, specesolution 2-3
cm™ per CCD pixel, lateral resolutior500 nm, axial resolution (confocaBum) was
performed at the edge of the contact zone. Ramattrsp at 532 nm excitation
wavelength were collected at every measurementt g800 x 300 points, 0.03519 s
integration time) and therefore, in one single Rarmage (10Qum x 100 um scan),
multiple mineral species (each represented by w® &aman spectrum) could be
acquired. In particular, a Raman image was gereeratem changes in one specific
Raman peak (peak intensity). For the confocal Rammaging, stacking mode was used
and layers of 8qum x 80 um area with 160< 160 points, 0.03615 s integration time,
were scanned at different depths, up (0@

The principal advantage of the OCT and Raman teciasi for the present study
is that they are non-destructive. Thus, they alkwi-surface examination of cross-
sectional structure and damage while avoiding th&todions that are typically

introduced by more conventional sectioning techesyusuch as the microcracks



generated during mechanical cutting/grinding, and the welding or ion implantation
caused by high energy laser or ion beams. Moreover, the Raman spectroscopy can reveal
the microstructure of the enamel, which is otherwise difficult to image with other non-

invasive techniques such as optical or scanning electron microscopy.

3. Results

Images (optical micrographs) of the scars on enamel occlusal surfaces, obtained after
Hertzian tests in water with particles under different contact cycles, are shown in Fig. 2.
The impressions are near circular, with irregular edges compared to particle-free, ideal
Hertzian scarsig., regular circles conforming to the edge of the elastically deformed
contacting sphere [25]), due to the presence of abrasives under the contact. The diameter
of the scars is observed to increase with the number of contact cyeles—although
significantly-less-so-than-in-the-case-of a-sliding-contact [12]. Some amount of debris can
also be observed, adhered to the surface near the perimeter of the contatt afbees
testing, and prior to observation, enamel surfaces were only gently cleaned with distilled
water to avoid introducing further damage.

Representative cross-sectional profiles of the scars are shown in Fig. 3. Three
main observations can be made. First, the scars produced by repetitive axial contacts are
shallow, with depths of the order of <urh, and diameters of the order of < 1
mmU horizontal profiles indicate the end of the scars. Second, the profiles of these scars
are very irregular and noisy, with steps inside the scars with heighl®sf of nm.—Fhis
he order

ofHt0's-efpm)-produced-by-shding-contactsf11]. And third, consistent with the optical

microscopy observations, both the width and depth of the scars are seen to increase with

increasing number of contact cycles.



Intermediate and high magnification details of tlaenage inside the scars can be
observed in Fig. 4. As reported before, axial cost@roduce characteristic microscopic
markings in the form of pits [6]. The pits observeave widths between 1 and g,
approximately, which suggests that they are forimgthe repeated microindentation of
the abrasive particles under the contact in diffeparts of the enamel microstructure.
The larger and wider pits with smoother surfacesinfed to by white arrows in Fig.
4(B)) are characteristic of a predominantly brit#sponseif., lateral crack chipping),
with deeper zones within corresponding to the stdys®rved in the profilometry images.
In contrast, the smaller and sharper pits (poitdelly black arrows in Fig. 4(B)) suggest
a predominantly ductile response, and are thusibatéible to sub-threshold
microindentation on softer parts of the microstawet[5, 12]. Large-scale cracking due to
dehydration of the enamel under the vacuum conditinside the SEM chamber was not
observed in the examined specimens.

The presence of sub-surface damage can be inaestipy means of OCT and
Raman spectroscopy. The OCT technique has receedg used in dentistry due to its
capability for real-time, sub-surface imaging of ihternal tooth structure at high spatial
resolution [26]. Fig. 5(A) shows a low magnificatioptical image (stereoscope) of the
surface of one sample after 500 contact cyclesraviiee contact zone is visible and
appears markedly brighter than the rest of the ehaurface. Representative OCT
images of the cross-section outside the contacbasol (blue arrow in Fig. 5(A)) and
under the contact (red arrow in Fig. 5(A)) are showFigs. 5(B) and 5(C), respectively.
A uniform region of relatively high brightness ibserved everywhere under the surface,
which is attributed to the increased light scatigrin demineralized tissue [27, 28].
However, comparison between the cross-sectionsruati® outside the scar reveals a
region of increased brightness directly under thetact, marked by the black arrows in
Fig. 5(C) (in the optical image it is observed froabove due to the enamel's

translucency). This region extends up=®.6 mm below the surface, and suggests a



larger extent of sub-surface demineralization under the scar. Damage of the same nature
is expected to be also present after tests at higher contact cycles.

Further evidence of enamel demineralization under the contact can be obtained
from Raman spectroscopy, by analyzing the characteristic peaks of hydroxyapatite
(Cao(POy)s(OH),), the main mineral component of enamel [29]. In particular, Fig. 6
shows an optical image (Fig. 6(A)), and two Raman images (Figs. 6(B) and (C)) of the
same area, acquired at the edge of a scar after 500 cycles. The Raman images were
generated from near-surface measurements of the intensities of thel(Q®$0") and
(962+10 cmt) phosphate (P£) Raman peaks, which correspond to thesymmetric
stretching modes and the symmetric stretching mode of RQespectively [30]. The
image obtained from the (10400 cm®) peak (Fig. 6(B)) exposes the mineral rods in the
enamel, and reveals that, past the surface damage created by the abrasives, the
microstructure does not get distorted significantly inside the scars. On the other hand, the
image obtained from the (9620 cm') peak (Fig. 6(C)), which is the sharpest and most
intense band of the enamel [30], shows a clear contrast between the inside (darker) and
outside (lighter) of the contact region. This contrast is attributable to differences in the
vibrational spectra resulting from differences in the mineral content, with darker regions
indicating a lower mineral content [29]. Indeed, the comparison of Raman spectra
collected inside and outside the scar (the latter as control) in Fig. 7 shows a significantly
lower intensity of the peak at (963 + 3 {minside (red line in Fig. 7), thereby
confirming the relative demineralization of the enamel immediately under the contact
with respect to fresh enamel. Confocal images formed from measurements of the
intensities of the (96@& 30) cm® peak in stacking mode at different depths (Fig. 8) also
confirm that the demineralization extends below the contact surface. Indeed, the contrast
between inside (darker) and outside (brighter) scars after 500 and 2000 cycles is
maintained as the depth (distance from the surface) increases fromt®6 um in the

500 cycles sample, and fromufn to 8um in the 2000 cycles sample. This indicates sub-



surface demineralization under the contact regiansch is in agreement with the OCT

measurements.

4. Discussion

Human enamel has a multi-scale, hierarchical sired31]. At the microstructural scale
it consists of mostly mineral (relatively hard) sodf diameter(b pum, oriented
perpendicularly to the occlusal surface, separatedhin, protein-rich (relatively soft)
sheaths, as revealed in Fig. 6(B). The nanostreictdrindividual rods consists of
elongated, hexagonal hydroxyapatite crystals (leswg70 nm, widths=30 nm) aligned
parallel to the rod axis and separated by a thi ifin) protein layer [32].

The results in Section 3 indicate that cyclic, hgiantacts with abrasive particles
introduce damage in the enamel at both micro- ambstructural levels. Firstly, there is
the near-surface damage within the contact aredupesl by particle microindentation
events, at the microstructural scale. Indeed,ahgel and smaller pits observed in Fig. 4
are attributable to microindentation events prilgaon harder rods and softer sheaths,
respectively. And secondly, there is an appareminkeralization of a region deeper
below the contact. The shape of the demineraliegtbn observed by OCT (Fig. 5(C))
roughly coincides with the region of maximum sh&aesses in an ideal Hertzian contact,
and resembles a quasiplastic zone observed inezgaag ceramics [25].

It is important to note that this sub-surface daensggenerated at relatively low
macro-contact pressures of < 1 GPa, as estimabed thhe size of the initial contact at
load P= 30N. Such pressures are well belbMB for enamel £1.3-1.5 GPa), which is
widely used as a first estimate of the yield stthrfgpm Hertzian tests [33, 34]. Indeed,
as seen in Fig. 6(B), it is insufficient to causgiceable distortion of the rod structure at

the microstructural level. Without particles in tiest media, the contact does not produce



a scar that can be detected by optical microscBpyvever, at the nanoscale, inelastic
processes in enamdlg, within individual rods) have been reported tortstd lower
pressures [35, 36]. Even under relatively lowsstes, the softer protein undergoes large
shear deformations, resulting in an inelastic raspd36, 37]. Jia and Xuan [22] noted
the partial interface de-bonding between crystlfsnning or failure of the protein layer
brings hydroxyapatite crystals into closer cont&tbsequent cyclic loading results in
relative sliding of adjacent crystals [36]. We pdbat the greater internal friction of such
sliding contacts [14], resulting from the inelaghining/failure of the protein layer, may
be responsible for the apparent loss of mineratesanAlthough direct evidence of this
in enamel is only possible by high resolution traission microscopy of extreme
difficulty, a parallel can be drawn with the frichial degradation of grain boundaries
which has been observed in thin films with a colammicrostructure, analogous to that
of enamel, under cyclic loading with a sphericaenter [20].

In order to assess whether or not the damageeamtbroscopic level results in
significant damage at the macroscopic scale, them® of the scars produced in the
axial contacts was quantified from their profil&sgy 3). Figure 9(A) shows the evolution
of the scar volume as a function of the number aftact cycles. Such volumes are
significantly lower (by an order of magnitude) thdre ones reported in contacts in
similar loading conditions involving a frictionabrice (.e., sliding) [12]. The small
amount of wear is due the abrasive particles dgigdof material from the surface, as
seen in Fig. 4. Moreover, the rate of material reahds also very low: from a linear fit to
the data in Fig. 9(A), a value s10’ mnt/axial cycle is calculated. Comparison with a
sliding contact is not straightforward, as the kangf an equivalent sliding contact is
somewhat arbitrary. In earlier work=2r was employed as the length of one full
lateral/sliding chewing cycle, with being the tooth radius. Taking a valuereb mm
[10, 11], a material removal rate ®80110° mni/sliding cycle is calculated from sliding

data in comparable conditions (30 N normal loads ®0l% quartz abrasives,
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corresponding to a wear coefficiet410°, simulating tooth grinding in bruxers) [12].
The large differences in wear volumes and ratesdsst axial and sliding contacts can be
visualized in Fig. 9(B).

From the rates of material removal calculated abdke critical number of
chewing cycles required to remove the enamel camlyléNc, which is indicative of
tooth lifetime) can then be estimated. Conside@ngimplistic model of a tooth as a
cylinder of radius 5 mm, with an enamel cap of khiess 1.5 mm [10, 11] , the critical
number of axial cycles obtainedNg=1.2110°. For the same tooth under sliding contact,
the critical number of sliding cycles is estimatedeN:=410’. Against a benchmark of
10° contacts/year [38], the values translate into tooth lifetimes of 40 ye@iiing),
and 18 years (axial). These figures reinforce the asserthat tooth wear is only a
concern in contacts with a sliding component.

The results obtained in this work reveal that taendge introduced to enamel by
repetitive, axial contacts with abrasives is midtieted, and differs profoundly from
what is typically observed in sliding contacts.particular, axial-only contacts result in
negligible (but not zero) wear at the macroscopales with rates of material removal at
least one order of magnitude lower than analogdigéng contacts. This, in turn,
translates into significantly longer estimated kodifetimes in a purely axial contact,
compared to pure sliding. However, our results shbat axial contacts result in
additional forms of damage at smaller length-s¢adeen at low loads, which may also
affect the tooth lifetime. First, the microindembat damage introduced by the abrasive
particles creates micron-sized defects, localizedh® contact surface, which increase
the roughness. This contrasts with the smooth alidhed profiles of significantly larger
depth (in the order afll0’s of um) produced by sliding contacts [11]. And secongt]ic
axial contacts result in demineralization of themel under the contact, seemingly as

result of inelastic processes at the nanoscale.deineage modes and material removal
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rates are expected to be largely independent dicjgaconcentration, at least in the low
concentration range 0.1-5 vol% [12].

The main implications of the present results areghm fields of dentistry and
evolutionary biology. In dentistry, severe toothawbas traditionally been related to such
disorders as bruxism (tooth grinding), characteribg the application of abnormally
high lateral jaw forces [39]. Our conclusion thaegominantly lateral forces result in
enamel wear agrees with the previous observatidre TMegative effects of axial
mastication, which is associated with hard foodngelie in tooth fracture, rather than
wear. In particular, a blunt, axial contact mayaduce defects on the surface (especially
in particulate media), and demineralize the enaosédbw. The former requires lower
stress for crack propagation than the natural flamsnamel, and the latter worsens the
material mechanical properties [24]. Within thanfirework of fracture mechanics, both
may result in strength degradation, and increasepthbability of failure at a relatively
low load [40]. This appears to be consistent witldence in the fossil record showing
relatively more tooth chipping iRaranthropus robustuéhard food diet, predominantly
axial bite) than inParanthropus boise{consumer of larger quantities soft food, lateral
bite) [41]. Additionally, for a higher number obmtact cycles, axial contacts have been
shown to result in fatigue [23], although the conddl effects of demineralization and
fatigue remain to be investigated. Finally, the atyee roughness resulting from the
introduction of surface defects can increase tharwmused to the opposing tooth
(antagonist wear), as evidenced byvitro and in-vivo experiments with dental

prostheses [42, 43].
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5. Conclusions

We have studied the damage of human dental enamel under cyclic, axial contacts in a
silica particle medium, using Hertzian indentation and a suite of non-destructive
techniques for structural characterization at different length scales. Based on the results

and analyses, the following conclusions can be drawn:

1. At the contact surface, the damage consists of micron-sized defects, due to
microindentation of the abrasive particles.

2. The axial forces cause demineralization of the enamel below the surface, even at
low contact cycles, as confirmed by OCT, Raman spectroscopy and confocal
Raman measurements—which—is—attributable—to—inelasticprocesses—within the
enamelredsatthenanescale.

3. Axial-only contacts in particulate media produce shallow scars, which result in

negligible enamel wear at the macroscopic scale—but-the—surface—defects and
demineralization introduced may degrade the fracture strength.
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Figure captions

1. Left: schematic of the cyclic, axial contact test. Right: SEM micrograph of the
abrasive silica particles used in the tests (in suspension in water, between the

sphere and the enamel specimen); note the sharp corners.

2. Optical micrographs showing the scars on enamel occlusal surfaces generated by
Hertzian (axial loading) tests in silica particle media, with a sphere of radius 6.35
mm atP=30 N, after (A) 500 cycles, (B) 1000 cycles, (C) 1500 cycles, and (D)
2000 cycles. The contact zones are near circular; dashed lines are a guide for the

eyes.

3. Line profiles (horizontal displacement; vertical displacementy) running
through the center of scars produced in axial tests after (A) 500 cycles, and (B)

2000 cycles. Note that the scars are relatively shallow, with noisy profiles.

4. Representative SEM micrographs taken from inside scars after axial, cyclic
contacts with abrasive particles, showing the damage (pits) on the enamel surface
at different magnifications: (A) intermediate; (B) high. Note the high surface
roughness, and the limited material removal due to the abrasive particles
dislodging material from the surface. White arrows point to relatively large and
wide pits, characteristic of a predominantly brittle response; black arrows point to

relatively small and sharp pits, characteristic of a predominantly ductile response.

5. (A) Low magnification optical image (stereoscope) of the occlusal surface of an

enamel sample after 500 contact cycles; the red and blue arrows indicate the scan

15



directions in the subsequent OCT analysis. (B) x@age of the cross-section
outside the scar (control). (C) OCT image of thataot cross-section.¢., under

the scar left by the mechanical test); the vertiedl arrows mark the diameter of
the contact at the occlusal surface, and the @adws point to the demineralized

region (brighter) under the contact.

Micrographs of the edge of an axial contact e (broken white line) after
500 cycles, obtained from (A) sQptical microscopy, and measurements of the
phosphate (P£) Raman peak intensities at: (B) 1840 cm’, and (C) 96210

cm L.

Phosphate (PPRaman spectra collected from inside (red) angidet(blue) an
axial scar after 500 cycles. The inset is a zooimedew of the (963 + 3 cff)

main peak: its intensity is lower inside the saadjcating demineralization.

Set of confocal Raman scans (80 pm x 80 pnhePhosphate peak (960 = 30)
cm™® acquired at the edge of a scar after 500 cyclbevé) and 2000 cycles
(below). Stacks at different depths were performiedthe 500 cycles sampie
=0 um, -2 um, -4 um and -6 um; and for the 2000esysamplez =0 um, -2 pm,
-4 um and -8 um. Darker regions correspond to &tawineral content. Broken

white lines mark the edge of the contact zone.

(A) Plot of scar volume as a function of numbgcycles for cyclic axial contacts
with silica abrasives. The line is a linear fitthee data. (B) Comparison between
the wear volume of the axial contacts (solid liae)l the estimated wear volume

produced by an equivalent number of sliding cy{tiashed line), from [12].
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