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Abstract The relationship between the ultrastructure of human enamel and its mechanical behaviour is
studied in this paper. Two synchrotron X-ray diffraction techniques, wide and small angle X-ray scattering
(WAXS/SAXS) were used in combination to obtain multi-scale quantitative information about the response
of human enamel to in situ uniaxial compressive loading. The interpretation of WAXS data gives elastic
lattice strains within the hydroxyapatite (HAp) crystals, the stiff reinforcing phase in human enamel. The
apparent modulus was determined linking the external load and the internal HAp strain. SAXS interpretation,
allows the quantification of the nano-scale HAp crystallite distribution within human enamel. A multi-scale
Eshelby equivalent inclusion model of the enamel was proposed that represents the hierarchical mineralized
tissue as a two-level composite: micro-level model with rod embedded in the homogenised enamel material,
and nano-level model with HAp crystallites embedded in the rod. Satisfactory agreement was achieved
between model and experiment, suggesting that the new multi-scale approach accurately reflects the
structure and mechanics of human enamel, and may help guide new biomimetic designs.
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1. Introduction

Enamel, a highly mineralized substance, is a hard and brittle material that covers the crown portion
of teeth. It is predominately composed of inorganic hydroxyapatite (HAp) crystals and organic
collagen [1]. While at the macro-scale the enamel can be thought of as a continuum, at the
microstructural level some notable features are present, in particular, aligned long prisms (or rods)
with a keyhole-shaped cross-section, and with the top oriented toward the crown of the tooth [2].
Further, at the nano-scale level, needle-like HAp crystals are found with several tens of nanometers
in thickness [3].

Understanding the effects of microstructural features of enamel on the performance of human teeth
requires the understanding of how the mechanical properties are related to the complex hierarchical
structure. Over half a century, studies have been conducted on the macro-scale mechanical
properties of enamel [4]. While an increasing number of publications describe microstructural
effects [5], relatively few studies have focused on the influence of the nano-scale structure [6].
There appears to be a demand for further investigation across the scales using advanced techniques
and models to establish a solid basis to understand the hierarchical structure-property relationship.

One suitable method to study this is small angle X-ray scattering (SAXS), an advanced
non-destructive technique used to reveal information about nano-scale structure and orientation in
crystalline and amorphous materials [7]. Another X-ray technique, wide angle X-ray scattering
(WAXYS), is used to study crystal lattices and their deformation behaviour, e.g. the elastic properties
of composites [8,9]. WAXS has been applied only recently to the study of mineralized biological
composites, such as bones and bovine teeth [10-13], but few studies have been devoted to study
human enamel [14]. Therefore, for the present study a combined SAXS/WAXS setup with in situ
compressive loading of human enamel samples was selected. It is hoped that the results obtained
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here will be helpful to understand the internal architecture and hierarchical properties of human
dental tissues.

Quite a few models of composites have been proposed to describe the interaction of different phases,
including bounding principles of Voigt and Reuss, as well as Jones and BW models [15,16]. One
widely accepted model, also used in this study, is the Eshelby inclusion model, often used to
describe the structure-property relationship of materials like composites [17,18]. Recently, it has
been applied in the research of dentine [19,20], and has been proven to be useful to predict the
elastic response of dentine. However, this Eshelby approach has not been used to describe human
enamel.

In this paper, the elastic lattice strain, orientation and degree of alignment of HAp crystals within a
human enamel sample under compressive loading were measured by the combined in situ
synchrotron X-ray techniques (WAXS and SAXS). The multi-scale Eshelby model was developed
to reflect the hierarchical structure of enamel, and to predict the elastic response to mechanical
loading. The model was validated by comparison with experimental data.

2. Method and Materials
2.1. Sample preparation

A freshly extracted sound human third molar (ethical approval obtained from the National Research
Ethics Committee; NHS-REC reference 09.H0405.33/Consortium R&D No.1465) was washed and
mechanically cleaned in distilled water to eliminate residues and kept in a -20°C freezer for a
maximum of 14 days before the experiment. The tooth was rehydrated using distilled water and
2mm thick enamel disks were cut just below the enamel-cement line using a low speed diamond
saw (Isomet Buehler Ltd., Lake Bluff, Illinois, USA). The disks were further cut into smaller bars
and polished using a series of polishing papers to produce a 2x2x2mm cube of enamel. The sample
was kept for 5 days in distilled water in a commercial fridge at 4°C until the experiment was
undertaken.

2.2. In-situ scattering measurements

SAKS-Pllatus
Detectar

InfclmingBEam
Figure 1. In situ loading of enamel under simultaneous WAXS/SAXS experimental set-up

The experiment was performed on the B16 beamline at Diamond Light Source (DLS, Oxford, UK).
A schematic diagram of the experimental set-up is shown in Fig. 1. The cubic sample of human
enamel was slowly deformed along x-direction in the laboratory coordinate system (Fig. 1) under
compressive loading at a displacement rate of 0.2 mm/min until failure, using a remotely operated
and monitored compression rig (Deben, Suffolk, UK) with a 5KN calibrated load cell.
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The monochromatic X-ray beam at the photon energy of 17.99keV was used and collimated to the
spot size of 0.5x 0.5mm? The beam was incident at the sample perpendicular to its loading
direction. Two separate WAXS and SAXS detectors were alternately setup to collect the patterns at
consecutive loading increments downstream of the beam. WAXS patterns were recorded using a
Photonic Science Image Star 9000 detector (Photonic Science Ltd., UK) with a sample-to-camera
distance of 128.72mm. Further downstream, a Pilatus 300K detector (Dectris, Baden, Switzerland)
was positioned at a distance of 4358.47mm to collect SAXS patterns. In order to record both WAXS
and SAXS patterns at each scanning location, the WAXS detector was translated laterally to expose
the SAXS detector after each WAXS exposure. A lightly compacted disk of standard silicon powder
and a dry chicken collagen sample inserted close to the sample position were used as calibration
standards, and to determine the sample-to-detector distance to good precision.

2.3. Scattering data analysis

2.3.1. WAXS data analysis

WAXS data can be interpreted in terms of the shift of the diffraction peak obtained from a cluster of
HAp crystals, so that the average micro-strain (lattice strain) in the crystals can be deduced [8,9].
The typical WAXS pattern of HAp is shown in Fig. 2 (only the (002) peak is selected for
interpretation). The apparent elastic lattice strain of the HAp phase was computed by observing the
changes in the interplanar spacing between the lattice planes [21]:

£= dooz _df?oz (l)

d(())OZ

where do2is the deformed d-spacing and dyyis the reference strain-free value. In detail, 2D
diffraction images were firstly pre-processed using Fit2D [22]. The (002) peak of interest from each
pattern was “caked” (i.e. binned in the radial-azimuthal coordinates) within a range of 20° in the
loading direction (Fig. 2a). Subsequently the 1D radial plot of intensity within each sector was fitted
with Gaussian to obtain the peak centre position. As the load increase, the peak centre position shift
with respect to the strain-free reference point allowed the calculation of HAp elastic lattice strain. In
addition, the structural orientation angle was determined from the strain-free sample by
azimuthal-radial “caking” of the (002) peak over the entire range of 360°, and fitting the azimuthal
centre position of the pronounced peaks [23].

2.3.2. SAXS data analysis

For SAXS data analysis, the pattern from the strain-free sample was taken as reference. Due to the
dense distribution of crystals in enamel, the electron density changes that occur in the gaps between
crystalline particles gives rise to the scattering signal [24]. It is also understood that the orientation
of the gaps between rods roughly coincides with the orientation of the crystals within the rod [19].
Thus, the information from gap scattering can be used to deduce the orientation and degree of
alignment (percentage of aligned particles) of HAp crystals. To quantify it, the 2D SAXS patterns
were processed by integrating over the entire relevant range of scattering vector g, resulting in a
function 1(#) of the azimuthal angle? [25,26]. The predominant orientation % of the mineral
crystals is determined by the position of the two peaks in the plot of 1(9) . Further, the degree of
alignment # can be calculated by the ratio of the two areas under the curve of / ()
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where 4ua is the total area below the curve, and e refers to the area above the constant
background level A porienea . Thus, the value of # ranges from O to 1, with # = 0 indicating no
predominant orientation within the plane of the section, while 2 =1 indicates a perfect alignment
of all crystals [25,26].

Figure 2. Representative WAXS and SAXS patterns of enamel

3. Model formulation

Human enamel has a hierarchical two-level composite structure, where the first level is represented
by the keyhole-like rod and the second level by the bunch of HAp crystals within one rod [27]. Fig.
3a shows the keyhole-like microstructure of enamel, modified from Habelitz [28], and demonstrates
how the HAp crystals are distributed within the rod in 3D. Fig. 3b-d provide schematic illustration
of the geometric model derived from the enamel structure, where the first level regards the whole
enamel sample as composed of aligned rods within a collagen matrix phase (Fig. 3b), and the
second level considers the rod as a composite in detail, consisting of partially aligned HAp crystals
and a collagen matrix. Both levels are non-dilute systems with a number of inhomogeneous
inclusions. For simplicity, both rod and HAp crystals are assumed to be of needle shape (Fig. 3b-d).

3.1. First level model: multiple aligned rod inclusions within enamel

The purpose of the first-level model is to establish the relationship between the externally measured

stress o”and the stress in the rod inclusions o™ =o™*. According to the Eshelby model
derivation [29], the stress in the inclusion can be expressed as

inclusion -1 - -
o t= {T - (1_ f1) {(Cmm‘rixl - Crv(l) [Sl - fl(S1 - 1)]_ Cmulrixl} (Cmalrixl - de )T Tcmil)'ixl} o’

inclusionl __ A
or, simplified =Ko 3)

where f; is the volume fraction of rod inclusion, S; the Eshelby tensor for a cylinder corresponding
to the rod shape, C,... and C,., are the stiffness of collagen matrix and rod, respectively, and 7
is the tensor transformation (rotation) matrix that depends on the Euler angles giving the orientation
of the rods with respect to the fixed laboratory system. In the present model this was fixed, as it was
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assumed that the rods were all aligned with the loading direction.
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Figure 3. Schematic diagrams of hieratical enamel structure and multi-scale Eshelby model.

To determine the stress within the inclusion, knowledge of the rod stiffness matrix is required. The
rod is regarded as a composite consisting of the same volume fraction of collagen and mineral
crystals as the whole enamel. The stiffness of the rod C,,, can thus be determined and is given as:

oo ={ 210, Corn S 20501+ Corie] (O~ Cne) ] @)

3.2. Second level model: HAp inclusion within one rod

The purpose of the second-level model is to establish the relationship between the external stress
and the average strain in the HAp crystals in a rod: {(¢)"" (o™ = K (¢)"""). Here the stress
within the rod inclusion &”““*" found from the first-level model serves as the external stress in
the second-level model. The overall stiffness of the rod C,,. is required to link the average strain in
the HAp crystals with the external stress obtained in the first-level model. A single HAp crystal can
be regarded as a single inhomogeneity with needle-like shape, and thus the corresponding Eshelby
tensor S: should again be that for the cylinder. The alignment of HAp crystals within the rod is
also partial, so that the real value of the apparent stiffness K is given by a combination of the values
for two separate cases, namely, that of fully random distribution, and perfect alignment.

3.2.1 Multiple perfectly aligned HAp crystals

Supposing the alignment direction of HAp crystals is described by the transformation matrix 7, the
measured crystal strain corresponds to the mean strain value for all the crystals within the
considered gauge volume. The relationship between the average HAp strain and the external load
(rod stress from the first-level model) can be established as follows:
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()
where (€, and (S,) are the average elastic stiffness tensor and Eshelby tensor of HAp crystals
within gauge volume [30], /. the volume fraction of HAp with respect to the entire rod, and
C,.aiv2 18 the stiffness tensor of collagen. Since all the crystals are perfectly aligned, the average
value of (“hu, and (S,) can be represented by the single crystal values(C),,, =Cus(S2)=5.. Note

HAp

that different orientation angles would lead to different values of (¢)... .

3.2.2 Multiple randomly distributed HAp crystals

The relationship between the average HAp lattice strain and rod stress is independent of the
transformation matrix in Eq. 5 in the case of an isotropic cluster with randomly distributed crystals.
The relationship becomes

_ _ -1
<€>Z:Zom = {{(1 - C,,,umxzfl <C>HAP) 1 |:<82>7 fs (<52 > - 1):| o 1} . [}Cmamxzf1o_mu1u.mm1
inclusion HA,
or, Slmpllfled o lusionl _ Krandam <8>ran};am (6)

Note that in contrast with the case of perfectly aligned crystals, the average value of ($:) no longer
equals the single crystal valueSz. Instead, it must be obtained by the volume average over all the
crystals.

3.2.3 Multiple HAp inclusions with partial orientation

For the partially aligned HAp distribution (Fig. 3d), XKufar_aiene is given by the mixtures between
Krandam and Kaligned :

HAp _
Kpartial_a[igned - (1_ f;lligned )Kmmlum + f;(/ignedKaligned (7)

where fuigea is the volume fraction of the aligned crystals with respect to all HAp crystals, i.e. the
degree of alignment of crystals revealed by SAXS. Thus, the relationship between external stress (in
rod) and average internal HAp lattice strain becomes

inclusionl __ p~HAp Hap
(2 - Kpartial_aligned <$> (8)

Further, the relationship between HAp strain and the externally applied stress can be established by
combining Eq. 3 and Eq.8.

UA — Kl—lo_inclusionl — Kl_lKHAp <€>HAp _ K<€>HAP (9)

partial _aligned

4. Experimental results and model evaluation
4.1. Nano-scale HAp distribution and the mechanical response of enamel

The apparent radial shifts of the (002) peak centre position obtained from the WAXS pattern (Fig.
2a) were measured under compressive loading applied on the longitudinal direction with respect to
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the rods. Fig. 4a shows the experimental results of the applied stress vs. HAp lattice strain,
indicating the expected linear relationship. The ratio of the stress and the average HAp lattice strain
gives the apparent modulus [31]. The preferential orientation of HAp crystals obtained by WAXS
pattern analysis is shown to be roughly perpendicular to the arc, while that obtained by SAXS
pattern is shown to be roughly along the short axis of the elliptical SAXS pattern (Fig. 2). The
detailed values from experiment and model are listed in Table 1.

4.2. Evaluation and testing of multi-scale Eshelby model

In the model, the material properties and other parameters were derived from the literature, and
refined by fitting with the experimental data. The average mineral concentration (HAp volume
fraction) has been reported to be ~95% in each level of enamel, so that the overall volume fraction
of HAp could be close to 85%, which is consistent with [6]. In general, Young’s modulus of 1GPa
for collagen is found in the literature, without taking into account the viscoelasticity or
viscoplasticity [19,20]. Polycrystalline HAp is considered to be transversely isotropic with five
independent elastic constants [32]. To describe the shape of the rod and of the HAp crystallites for
each level, the Eshelby tensor for the cylinder was used. It was assumed that the lengths of
ellisptical axes a; and a, within the transverse cross-section were the same, ai/a,=1). The apparent
modulus K was calculated based on the different preferred orientation angles of the HAp crystals
obtained by both SAXS and WAXS. All the parameters refined to obtain the best fit are listed in
Table 1. A comparison of the experimental results and the model evaluation is plotted in Fig. 4.
Good agreement is observed.

Table 1 Experimental results from SAXS/WAXS, and the refined structural parameters of the enamel used in the
two-level Eshelby model

Parameter Enamel
Orientation (from SAXS) 174°
Orientation (from WAXS) 14°
Degree of alignment 0.6
K_exp. 124.3 GPa
h=1 96%
Crraiint E,=1GPa, v,=0.3

matix2 E,=1GPa, v,=0.3

E.,=140GPa, G,,= G.=39.6GPa
Cousp V= Y =0.3, v,,=0.2

E,= E.=114.3GPa

S cylinderl = ScylmderZ al / aZ = 1
K_model (from SAXS) 122.9 GPa
K_model (from WAXS) 120.4 Gpa
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Figure 4. Comparison of the experimental data (markers) and modeling results for applied compressive stress vs. elastic
lattice strain for HAp crystals.

5. Discussion & Conclusion

The agreement of the apparent modulus K results calculated using the HAp preferred orientation
angles determined by SAXS and WAXS suggests that the SAXS patterns arising from gap
scattering can be used to deduce the HAp orientation distribution, i.e. the gaps are almost parallel to
HAp crystals inside the rod. Further validation can be demonstrated by examining in more detail the
effect of crystal orientation on the apparent modulus. A 3D model of perfectly aligned crystals
inside a rod is established (Fig. 5a) with the angle % describing the rotation of the alignment
direction around the global z axis. When all HAp crystals are aligned along the global x-direction,
pequals to 0°. By chanaina the perfect alignment direction (changing the transformation matrix in
Eq. 5), the variation of K« obtained in the loading direction can be calculated (Fig. 5b). From
Fig. 5b, the corresponding results using the real orientation angles found in the experiment (174°
from SAXS and 14° from WAXS) are found to be Kuigea_sis = 133.19GPa
and Kaignea_waxs =128.25 GPa, i.e. closely similar values. Meanwhile, due to the high degree of
alignment of HAp crystals in the enamel, the value of the overall apparent modulus Kt _aignea li€S
close to the value Kuwe . The enamel displays strong microscopic elastic anisotropy. It is
interesting to note that the stiffest orientation is, as expected, around 0° with respect to the loading
direction. However, the most compliant orientation observed is not at 90°, i.e. perpendicular to the
loading direction, but rather around 50° or 130°.

In this study, the longitudinal apparent Young’s modulus of human enamel was measured during in
situ elastic compression by the combination of synchrotron WAXS and SAXS for the first time.
This provides access to the information on both the structural and mechanical aspects of the sample
and allows us to make further progress compared to previous studies that only used WAXS [11,14].
A multi-scale Eshelby inclusion model was established to estimate the elastic material properties of
the enamel in terms of its constituents, considering it as a two-level composite. Good agreement
with the experimental data was obtained, indicating an improvement of the earlier proposed
composite model [15,16] The model offers a powerful tool for the evaluation of the apparent
modulus of enamel-like composites, and helps understand the relationship between the external load
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and the internal HAp strain. It also helps understanding of the mechanical properties of hierarchical
biomaterials.
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Figure 5. (a) A simple 3D example of aligned HAp crystals (alignment angle ¢=0° is shown). (b) Kaligned variation
with respect to the alignment angle (0°-180°).
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