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Abstract
Recent nanoindentation studies have demonstrated that the hardness and Young's modulus of human
molar enamel decreases by more than 50% on moving from the occlusal surface to the dentin-enamel
junction on cross-sectional samples. Possible sources of these variations are changes in local
chemistry, microstructure, and prism orientation. This study investigates the latter source by
performing nanoindentation tests at two different orientations relative to the hydroxyapatite prisms:
parallel and perpendicular. A single sample volume was tested in order to maintain a constant
chemistry and microstructure. The resulting data show very small differences between the two
orientations for both hardness and Young's modulus. The 1.5 to 3.0% difference is significantly less
than the standard deviations found within the data set. Thus, the variations in hardness and Young's
modulus on cross-sectional samples of human molar are attributed to changes in local chemistry
(varying levels of mineralization, organic matter, and water content) and changes in microstructure
(varying volume fractions of inorganic crystals and organic matrix). The impact of prism orientation
on mechanical properties measured by nanoindentation appears to be minimal.
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Introduction
Enamel is the hardest substance in the human body, harder even than bone and cartilage, and
exhibits high values of Young's modulus as well. With such superior mechanical properties, it
is ideally suited for the physiological functions of biting, chewing, and protecting the soft inner
pulp where nerves reside. At least part of enamel's superior mechanical properties can be
attributed to its composite microstructure. It consists of mineral-rich prisms embedded in a
matrix consisting of water, organic material, and non-prismatic material. The individual prisms
are bundles of similarly oriented calcium hydroxyapatite (HA) crystals (Ca10(PO4)6(OH)2)
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that are both carbonated and defective. The prisms measure 3-6 μm in cross-sectional diameter
while the crystallites are approximately 200 nm in diameter and reach 100 μm in length. The
prisms vary in orientation throughout the enamel. Near the occlusal surface, they are generally
perpendicular to the surface and arranged in an orderly fashion. Near the dentinoenamel
junction (DEJ), however, the prisms are randomly oriented with no fixed alignment relative to
the occlusal surface. 1,2,3

Over the last decade a number of investigators have modeled enamel as a homogenous material.
4,5 However, some studies have explored variations in the mechanical properties of enamel
with test location. For example, Knoop microhardness tests6,7 and compression tests8 have
suggested that the Young's modulus and hardness may be slightly higher for cusp (or surface)
enamel than for side (or subsurface) enamel, while investigations with a depth-sensing Vickers
indenter9 have shown that the Young's modulus (E) and hardness (H) values obtained from an
occlusal section of enamel are generally higher than those obtained from an axial section. More
recent nanoindentation tests10 have shown that the E and H of enamel will decrease from
values greater than 6 GPa and 115 GPa at the occlusal surface to values less than 3 GPa and
70 GPa at the DEJ, respectively.

One hypothesis that attempts to explain the variations in Young's modulus and hardness
proposes that they are due to variations in the local chemistry of the enamel. The chemistry
varies in mineral, organic, and water content as one moves from the occlusal surface of the
enamel to the DEJ. Many researchers have characterized the chemistry of human enamel as a
function of position, 11,12,13,14,15,16 and in some cases the results have been correlated with
spatial variations in the mechanical properties of enamel.10,15,17,18,19 Habelitz et al.20
showed Young's moduli and hardness were lower in the inter-rod enamel than in the head of
the enamel rod. These differences in mechanical properties were attributed to higher organic
tissue in the inter-rod areas. Cuy et al.10 showed a strong correlation between decreases in
Young's modulus and hardness values and drops in mineral content, CaO and P2O5,
specifically.

Another hypothesis proposes that mechanical property variations are due to anisotropy of the
enamel due to differences in the orientation of the prisms depending on test location.17 For
example, Staines et al.17 found that enamel hardness was higher when the indentation direction
was perpendicular to the c-axis of the hexagonal hydroxyapatite crystals (parallel to the basal
planes), and lower when the indentation direction was coaxial. Finite element modeling of the
Young's modulus of enamel has been conducted using the volumetric crystalline fraction of
hydroxyapatite to calculate the possible ranges of values for stiffness, both parallel and
perpendicular to crystal orientation.19 These indicate that parallel to the crystal direction E
increases from 93 GPa to 113 GPa as the crystalline fraction increases from 0.81 to 0.99.
Perpendicular to the crystal direction E shows a much larger variation from 19 to 91 GPa over
the same range of crystalline fraction. Cuy et al.10 found similar variations for both Young's
modulus and hardness on a cross-sectional surface. When testing near the occlusal surface
where prisms are well oriented and perpendicular to the direction of testing, E and H are higher
than when testing near the DEJ where the prism orientation becomes less regular and more
random.20 In addition, recent studies have revealed that the tensile strength of enamel is
dependent on enamel prism orientation.21,22 These differences in testing direction versus
prism orientation coupled with the lower crystal fraction (ratio of mineral to organic) closer to
the DEJ could account for variations in Young's modulus and hardness.

To investigate which factor - local chemistry or prism orientation – has the largest impact on
the Young's modulus and hardness of enamel measured by indentation, one factor must be held
constant while the other is varied. However, given that both chemistry and prism orientation
vary throughout human enamel, such an investigation has not yet been completed. In this
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experiment, E and H data are measured and compared for distinct prism orientations, both
perpendicular to the long axes of the prisms (cross-sectional cut surface) and parallel to the
long axes of the prisms (occlusal surface). By testing these two mutually perpendicular surfaces
near their common edge, all indentation experiments were confined to a small volume of
enamel (∼0.1 mm3). Thus, the chemical variations are minimal within the volume and
theoretically the chemistry is identical when the data are extrapolated to the edge common to
both test surfaces.

Methods and Materials
Sample Preparation

To perform a series of nanoindentations, a sound unerupted (full tissue impacted) human
maxillary third molar was mounted in blocks of Buehler two-part Epo-Kwick epoxy, and then
cross-sectioned using a diamond-bladed saw. The tooth was sliced so that it was divided
approximately in half, perpendicular to the dividing line between the buccal and lingual sides
(Figure 1a). To be consistent with previous testing,10 the mesial half of the prepared sample
was selected for nanoindentation testing. After cross sectioning, the tooth was polished on the
cross-sectional cut surface (that lies perpendicular to the occlusal surface) and also on the
occlusal surface. The polishing was accomplished using a motorized polishing wheel and pads
of declining grit size (320, 400, 600, 600, 800, and 1200 grit). The sample was then polished
using 1 μm and then 0.25 μm diamond suspensions to finalize preparation. In between grit and
suspension sizes, the sample was rinsed and blown dry. The final surface was smooth and free
of scratches under 100x magnification in an optical microscope.

Mechanical Characterization using the Nanoindenter XP™
Nanoindentation experiments were performed using a Nanoindenter XP™(MTS Systems
Corp., NanoInstruments Innovation Center, Oak Ridge, TN). Indentation tests were conducted
along the cross-sectional cut surface in arrays that ran towards the occlusal surface away from
the DEJ (Fig. 1). Tests were also performed on the occlusal surface in arrays that ran
perpendicularly towards the cross-sectional cut surface. Note that test sites were chosen so that
indentation arrays on the cross-sectional cut surface lined up with the arrays on the occlusal
surface (Fig. 1b). 200 nm deep indentations were made using a Berkovich (3 sided pyramidal)
diamond tip. Indentations were spaced approximately 10 μm apart in a given row and the rows
were spaced at 50 μm. The indentations started approximately 600 μm from the common edge
and stopped approximately 200 μm from this edge. This avoided any testing on rounded
surfaces near the common edge.

Since Staines et al. 17 reported that Young's modulus increased by ∼15% when a wet sample
was allowed to dry in air for over 72 hours, care was taken to perform all indentation tests in
the same environment in which the sample was stored. After sample preparation, the sample
was allowed to dry at room temperature (22.3 °C) for 4 days. The sample was then stored dry
and tested under these same ambient conditions, and, hence, the impact of drying is taken to
be negligible.

For each indent, both Young's modulus and hardness were calculated using the force-
displacement data and the standard methods of Oliver and Pharr.23 The depth of each
indentation was determined by fitting a polynomial expression to the upper 70% of the
unloading curve. The contact area was then determined using the depth to area calibration for
the tip. Young's modulus was calculated using the contact stiffness, the contact area at
maximum load, and a value of 0.25 for Poisson's ratio for enamel and values of 0.07 and 1141
GPa for Poisson's ratio and Young's modulus for the diamond tip. Hardness was calculated
using the maximum load and the contact area at maximum load.
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Results
The results of the nanoindentation testing of the third molar sample are shown in Figure 2. The
measurements of Young's modulus (Fig. 2a) and hardness (Fig. 2b) are plotted as a function
of distance from the edge between the cross-sectional cut surface and the occlusal surface
(240-600 μm). The individual data points are each an average of 3 to 9 individual indentation
measurements, each made at a similar distance from the edge and in relatively close proximity
to each other. Standard deviations for each data point are shown as error bars (1 deviation above
and below the point). The standard deviations for Young's modulus ranged from 1.82 to 13.83
GPa (2-11%), with an average deviation of 6.01 GPa (5%), for the cross-sectional cut surface,
and from 1.25 to 13.68 GPa (1-12%), with an average deviation of 5.21 GPa (4%) for the
occlusal surface. The standard deviations for hardness ranged from 0.17 to 0.90 GPa (3-14%),
with an average deviation of 0.35 GPa (5%), for the cross-sectional cut surface, and from 0.07
to 0.76 GPa (1-12%), with an average of 0.33 GPa (5%), for the occlusal surface. Thus, both
surfaces show a similar scatter in the data. Trend-lines in Figure 2 were calculated using linear
regression.

Fig. 2a shows that the Young's modulus of the cross-sectional cut surface increases slightly
(<2%) with distance when approaching the common edge. In contrast, the Young's modulus
of the occlusal surface decreases from ∼125 GPa to 120 GPa (∼4%) as distance decreases from
600 μm to 0 μm. Comparing the two orientations, at a distance of 600 μm from the common
edge, the Young's modulus is ∼10 GPa (∼8.5%) lower on the cross-sectional cut surface than
on the occlusal surface. However at the common edge (x=0), the extrapolated value of Young's
modulus is only 2 GPa (1.5%) lower on the cross-sectional cut surface than on the occlusal
surface. Figure 2b shows a similar pattern for hardness. Hardness increases ∼0.4 GPa (∼6%)
with distance when approaching the common edge for the cross-sectional cut surface and
increases ∼0.9 GPa (∼13%) for the occlusal surface. Comparing the perpendicular and parallel
orientations, at 600 μm from the common edge, the hardness of the cross-sectional cut surface
is ∼0.7 GPa (∼10%) higher than the occlusal surface. The extrapolated value of hardness at
the common edge, though, is only 0.2 GPa (∼3%) higher on the cross-sectional cut surface
than on the occlusal surface.

Discussion
Prior to comparing values for the two orientations, it is useful to compare measured magnitudes
with earlier reports. Previous research has found varying values for the Young's modulus and
hardness of enamel. In this study, values of 120-130 GPa and 6-7 GPa are measured for E and
H, respectively, near the occlusal surface of the enamel. These E and H values are consistent
with those previously reported by Cuy et al.10 where E and H had a maximum of 120 GPa and
6.4 GPa, respectively, at the cusp tip and a minimum of 47 GPa and 2.7 GPa near the DEJ.
However, the absolute values of E and H seen here and the maximum values reported
previously by Cuy et al.10 are higher than the values of E and H seen in prior investigations.
This difference can be attributed to the location of measurements. Investigators have typically
presented the mechanical properties of enamel with average values measured away from the
occlusal surface (Table 1). Using nanoindentation methods Cuy et al.10 showed that the highest
values of E and H (and the most rapid decrease in E and H) are found near the cusp tips. E and
H are significantly lower in the majority of the enamel, hundreds of microns below the occlusal
surface as noted by Cuy et al.10 Since most earlier reports focus primarily in this middle region,
between the occlusal surface and the DEJ, lower values have been reported as seen in Table
1.

The geometrically small sample used here allowed for the measurement of Young's modulus
and hardness of a chemically similar group of prisms in separate orientations – parallel and

Braly et al. Page 4

Arch Oral Biol. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



perpendicular to the long axes of the prisms. The trend-lines in Fig. 2 allow easy comparison
between the data sets, and enable one to extrapolate the data to a common point for both
orientations, the shared edge at x=0. Extrapolation of the results to a distance of zero μm from
the common edge of the cross-sectional cut surface and the occlusal surface yields approximate
values for Young's modulus and hardness for prisms in both the perpendicular and parallel
directions (relative to the long axis of the prism). The convergence of the trend-lines shows
that the values of Young's modulus and hardness are quite similar for the two orientations at
essentially the same location and chemistry. From Figs. 2a and 2b, we can see that at zero
distance – at the common edge – the Young's modulus varies ∼1.5% between the two
orientations and the hardness varies by ∼3%. These differences are quite small and are less
than the average standard deviations (approximately 4% to 5%). As the data points move away
from the common edge, the data sets diverge for both the Young's modulus and the hardness
values. This is not surprising, and is likely due to a combination of factors such as small changes
in local chemistry, increasing amounts of interprismatic material, varying crystalline amounts
among the prisms, or potential structural defects in the enamel like tufts, spindles, and cracks.

While these indentation experiments show no significant difference in the mechanical
properties measured perpendicular or parallel to the prisms in enamel, the results do not
preclude a difference in these properties when tested by other methods. Indentation testing
generates radial, and not uniaxial, deformation, and therefore tends to average over multiple
orientations (Tabor, 1951). Vlassak and Nix (1994) have shown theoretically and
experimentally that indentations even on highly anisotropic materials give only relatively small
variations in indentation (Young's) modulus and hardness. Compression tests, which are
uniaxial in nature, may yield differences with orientation as seen by Craig et al. (1961). Noting
this difference, however, the data presented here strongly suggest that variations in the prism
orientation of the enamel are not likely to contribute to the variations of Young's modulus and
hardness that were measured by indentation in previous work (Cuy et al. 2002).

Conclusion
Nanoindentation experiments were used to determine if prism orientation contributes to the
variation in hardness and Young's modulus observed in previous indentation research. The
experiment was designed to compare E and H data for distinct prism orientations, both
perpendicular to the long axes of the prisms (cross-sectional cut surface) and parallel to the
axes of prisms (occlusal surface) by testing two mutually perpendicular surfaces near a
common edge. The resulting data, when extrapolated back to the common edge, showed there
is effectively no difference between the hardness and Young's modulus values for different
prism orientations. It is likely, therefore, that the variations mapped by previous researchers
using indentation studies are predominantly due to variations in chemistry across the enamel
and not due to variations in prism orientation.
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Figure 1. Sample Indent Test Location
a: Maxillary third molar sectioned perpendicularly between buccal and lingual sides dividing
tooth into mesial and distal halves.
b: Indent arrays on the cross-sectional cut and occlusal surfaces of the mesial buccal cusp.
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Figure 2.
(a) Young's modulus and (b) hardness of the occlusal and cross-sectional cut surfaces of enamel
approaching a common edge. Data points are averages of 3-9 points; lines are linear regression
fits to data.
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Table 1
Mechanical Properties of Human Enamel

Test Method E (GPa) H(GPa) Investigator
Nanoindentation 120-130 (at cusp tip) 6-7 (at cusp tip) This work

Nanoindentation 120 - 47 (from cusp
tip to DEJ)

6.4 - 2.7 (from cusp
tip to DEJ)

Cuy et al.10

Nanoindentation 80.35 +/− 7.71 4.88 +/− 0.35 Mahoney et al.27
Nanoindentation 90.59 +/− 16.13 3.39 +/− 0.18 Willems et al.5

Nanoindentation – occlusal 87.2 +/− 2.2 3.9 +/− 0.3 Habelitz et al.20
Nanoindentaiton - axial 72.7 +/− 4.5 3.8 +/− 0.4

Vickers – occlusal section - 3.23 +/− 0.30 Xu et al.9
Vickers – axial section - 3.03 +/− 0.09
Modified Vickers – occlusal
section

94 +/− 5 3.62 +/− 0.20

Modified Vickers –axial section 80 +/− 4 3.37 +/− 0.15

Compression - cusp section 84.1 +/− 6.2 - Craig et al.8
Compression – axial section 77.9 +/− 4.8 -

Spherical Indentation 83 - Staines et al. 17
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