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Abstract
This paper presents a review plus new data that describes the role hierarchical nanostructural
properties play in developing an understanding of the effect of scale on the material properties
(chemical, elastic and electrical) of calcified tissues as well as the interfaces that form between such
tissues and biomaterials. Both nanostructural and microstructural properties will be considered
starting with the size and shape of the apatitic mineralites in both young and mature bovine bone.
Microstructural properties for human dentin and cortical and trabecular bone will be considered.
These separate sets of data will be combined mathematically to advance the effects of scale on the
modeling of these tissues and the tissue/biomaterial interfaces as hierarchical material/structural
composites. Interfacial structure and properties to be considered in greatest detail will be that of the
dentin/adhesive (d/a) interface, which presents a clear example of examining all three material
properties, (chemical, elastic and electrical). In this case, finite element modeling (FEA) was based
on the actual measured values of the structure and elastic properties of the materials comprising the
d/a interface; this combination provides insight into factors and mechanisms that contribute to
premature failure of dental composite fillings. At present, there are more elastic property data
obtained by microstructural measurements, especially high frequency ultrasonic wave propagation
(UWP) and scanning acoustic microscopy (SAM) techniques. However, atomic force microscopy
(AFM) and nanoindentation (NI) of cortical and trabecular bone and the dentin–enamel junction
(DEJ) among others have become available allowing correlation of the nanostructural level
measurements with those made on the microstructural level.
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1. Introduction
Skeletal tissues and their interactions with materials provide a research microcosm for
nanostructured materials. Clearly, both bone, Fig. 1, and teeth, Fig. 2, are hierarchical structures
whose material properties change with changes in scale. Both tissues are organized as
hierarchical composites. Thus, they must be studied at each scale level, i.e., at the nano-, micro-
and macro-structural levels in order to understand their intrinsic behavior as well as to
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determine the appropriate design considerations for composite material replacements that are
generated using either synthetic processing or tissue engineering.

Scale considerations play a significant role in understanding and modeling the behavior of
these calcified tissues. On the nanoscale, they are essentially material composites based on the
interdigitation of the collagen, the most prevalent biopolymer in the body, and an apatitic
mineralite component, the inorganic substance [1–5]. These tissues then organize into
microstructural composites to support loads, one of their primary functions [3–5]. The
macroscopic anisotropic properties of femoral cortical bone prescribes what both the haversian
microstructure and the appropriate nanostructural organization of collagen and apatite [2–5]
should be in order to provide for the appropriate macroscopic function and behavior. The
molecular structures of the collagen and apatite (nanostructural level) must organize firstly.
Subsequently, these combine to form the haversian system microscopic morphology into the
appropriate fiber-like composite material behavior [3–5] necessary to provide the bone and
dentin microstructures with the required appropriate strength and stiffness [2–5].

We describe the various experimental and computational techniques that have been
incorporated to investigate these hierarchical structure/property relationships, followed by
details of the structure/property measurements, their analyses and the mathematical modeling
based on the acquired experimental data. This leads to a better understanding of the structure,
property and function (SPF) of the tissue at each scale level

2. Experimental/computational techniques
2.1. Atomic force microscopy (AFM) and nanoindentation

High-resolution scanning techniques for determining the physical properties of materials at the
micro- to nanolevels are available. These techniques include scanning tunneling microscopy,
atomic force microscopy (AFM), scanning near-field optical microscopy and various
microwave near-field microscopy methods. Rapid improvements in the range of capabilities
of AFM now provide the opportunity to study the nanomechanics of materials as well as the
morphology/topology. AFM and associated nanoindentation provides the means to study
structure and/or morphology as well as properties on both natural tissues and synthetic
materials at resolutions down to the order of a nanometer.

Nanoindentation provides load–displacement measurements at the nanostructural level and
thus is an important addition to mechanical experimental methods. NI can be used to calculate
elastic modulus, hardness and even time dependent deformation properties such as creep and
strain rate dependence [6–9]. An introduction and extensive description of the used of the NI
technique may be found in Ref. [8] and related papers [6,7,9]. The following is a short
introductory description of how such an NI instrument would be used. A high precision x–y–
z table, used for mounting the specimen, is positioned under computer control, with a
microscope providing an initial view of the indenter location. Loads of the order of 75 nm and
displacements of 0.04 nm resolution can be applied while the sample position is monitored;
x–y spatial resolution of the order of hundreds of nanometers is maintained [8]. The procedural
steps are as follows: firstly, the optical microscope locates the area of interest; then a defined
force load or deformation limit is set; indentation is applied and held until equilibration is
achieved; next, there is the unloading cycle at the same rate to ~90% of maximum that is held
for a longer time so that thermal drift can be taken into consideration; and finally, it is fully
unloaded. The indenter shape is typically a three-sided pyramid. In the case of viscoelastic
materials, such as found in skeletal tissues, a multiple-loading cycle is used to obtain the load-
displacement data. Only the data from the upper half of the final unloading run are used to
determine properties such as the specimen’s hardness and elastic modulus at the indentation
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point. Calibration is necessary for such materials so an isotropic elastic material such as fused
silica is used to calibrate the indenter shape function [8].

2.2. Scanning acoustic microscopy (SAM)
SAM is based on the use of focused acoustic waves to study the intrinsic material properties
of a material. What is essentially measured is the acoustic impedance of the material being
studied. Acoustic impedance (AI), Z, is defined as the product of the local density, ρ, at the
point on the material and the longitudinal acoustic velocity, v, i.e., Z = ρ × v. It is measured in
Rayls, e.g., water at 0 °C has a value Z = 1.40 Mrayl, while at body temperature, 37 °C, Z =
1.51 Mrayl, due to the variation in water’s acoustic properties with temperature.

SAM operation is as follows (Fig. 3). A radio frequency (RF) signal is used to excite a
piezoelectric transducer mounted on the end of a synthetic sapphire single crystal buffer rod
with a hemispherical-shaped cut at the other end. The RF signal is converted by the
piezoelectric transducer into an acoustic wave converged by the lens and focused onto the
sample through a coupling liquid. At the liquid/specimen interface, a portion of the acoustic
signal is reflected back to the lens, to the piezoelectric transducer so that the acoustic signal is
transformed back into a voltage, V, proportional to the acoustic signal. It is the reflection
coefficient, r, measured in Mrayl, where r =(Z2−Z1)/(Z2+Z1) that determines the voltage and
thus the gray level; r is thus a dimensionless number, less than 1. An acoustic image of the
desired area is obtained by rastering the lens over the sample surface pixel by pixel. The depth
of penetration of the SAM wave into the surface of the specimen depends upon the wavelength
of the sound being used. Both bone and dentin the materials of concern herein have AIs in a
range of Z=~7.5 Mrayl, thus resulting in a reflection coefficient r = 0.67 in water at 37 °C. The
shade of gray at each pixel on the monitor screen is a reflection of the r value at that pixel, so
that a dark gray level corresponds to a lower value of AI at the point being measured, while a
bright gray level corresponds to a higher AI value.

While the SAM provides a high-resolution acoustic image of the sample, it does not provide
quantitative values directly of the acoustic property it is measuring, i.e., the reflection
coefficient r and thus of the AI value Z. One way to obtain quantitative values of Z and thus
eventually of Young’s modulus, E, is to use a calibration method. Acoustic velocities and
densities are measured for a set of known materials, e.g., polyethylene, PMMA, Durango
apatite, aluminum, titanium and stainless steel. Young’s modulus, E, is then calculated either
as E = ρv2 or as E = 9KG/(3K+ G) based on measurements of the densities and both the shear
and dilatational longitudinal wave speeds for a similar set of known materials. These same
materials are also imaged on the SAM in order to obtain their r values. The voltages
corresponding to these r values are plotted on a graph of r vs. V. This leads eventually to a Z
vs. E graph for the known sample materials. Young’s moduli for the materials under study are
obtained by an interpolation sequence using the Z vs. E graphs of the known materials. A dark
gray level in the acoustic image represents a lower value of AI (and thus of Young’s modulus,
E) at the point being measured; correspondingly, a bright gray level in the image represents a
higher AI value (and thus a higher value of E).

Samples analyzed using SAM must be maintained in a fluid environment, i,e., the fluid couples
the acoustic wave between the lens and the material being studied. This requirement makes
this technique particularly well suited for studying biologic specimens, such as bone, collagen
and cartilage. These tissues can be severely damaged or altered by the desiccating procedures
that are frequently used with macromechanical testing. SAM may be used to obtain the
micromechanical elastic properties of both fresh and embedded specimens.
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2.3. Micro-Raman spectroscopy
Raman spectroscopy permits structural analysis of samples by identifying specific light-
induced molecular vibrations. Characteristic functional groups give rise to vibrational bands
near the same frequency irrespective of the molecule in which they are found. Different
molecules have different vibrational states and can therefore be distinguished with this
technique. Information about the composition, secondary structure and interaction of
molecules, including the chemical micro-environment of molecular subgroups, can be
determined through careful analysis of the positions, intensities and widths of the bands in the
Raman spectra of biological tissues such as collagen. Unlike infrared spectroscopy, water does
not present a strong Raman signal within the biological “fingerprint” region. Thus, specific
functional groups of molecules can be identified in wet biological specimens with minor
spectral interference from water.

By combining spectroscopy with microscopy, Raman microspectroscopy can be used to detect
and quantify the molecular chemistry of microscopic samples; molecular information can be
obtained at a spatial resolution comparable to optical microscopy. In this technique, the spatial
resolution is defined by the laser profile used to excite a particular part of the specimen.
Functional groups are identified by their specific wavenumber position in the Raman spectrum,
and the relative amounts of these groups are determined by the magnitude of intensity at each
wavenumber. Samples can be analyzed directly, in air or water, at room temperature and
pressure, wet or dry, without destroying the sample. The capability of performing spatially
resolved chemical analyses of microscopic regions of samples in situ has been applied to both
material science and the biological sciences. Raman microspectroscopy is an exceptional tool
for investigating the chemistry of material/tissue interfaces, because it does not rely on
homogenization, extraction or dilution, but rather each structure is analyzed in situ.

2.4. FTIR chemical imaging
When a molecule is exposed to an incident beam of light, energy can be absorbed by the
molecule. The energy absorption can enable a transition among electronic, vibrational or
rotational energy levels. Thus, the basis for an infrared spectrum is the absorption of infrared
light and the interaction of that absorption with the vibrational modes of a molecule. Infrared
absorptions require that the molecular vibrations produce a change in the permanent dipole
moment of the molecule. Raman spectroscopy similarly involves transitions among the
vibrational energy levels of a molecule, but the energy exchange occurs in a completely
different manner. Raman spectra result from vibrational motions that cause a change in a
source-induced molecular dipole moment

FTIR spectroscopic images are formed on the basis of the inherent contrast offered by the
unique chemical bonds of the various components that make up the sample. Unique frequencies
in the FTIR spectrum may be plotted as a function of spatial position and spectral intensity to
provide a chemical image of each component. As an example, FTIR microspectroscopy can
be used to determine the relative composition, degree of cure and homogeneity across the length
and breadth of a material/tissue interface. FTIR images can be acquired in minutes, but the
spatial resolution is generally limited to about 10 μm.

2.5. Scanning evanescent microwave probe (SEMP)
The scanning evanescent microwave probe (SEMP) is a form of local probes that use
evanescent electromagnetic fields to non-destructively study electromagnetic properties of
materials at 1–20 GHz. These probes are used to perform microwave microscopy and imaging
with spatial resolution approximating atomic force microscopy. Such an unprecedented high
spatial resolution with electromagnetic fields having relatively large wavelengths (λfree space ≈
1.5–30 cm) has been made possible by small spatial decay constants of evanescent fields
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generated at the terminal end of a microwave resonator near a wire tip. Upon interaction with
a sample placed near this tip, the reflection coefficient of the resonator shifts to lower
frequencies enabling the characterization of the microwave properties of the sample which are
affected by various factors including density, moisture, polymerization, carrier mobility and
concentration, impurities, oxidation state and temperature. The SEMP non-intrusive technique
is capable of imaging non-uniformities in organic and inorganic conductors, semiconductors
and insulators. Thus, by using the SEMP, a variety of organic and inorganic materials including
metals, semiconductors, insulators, composites, ferromagnetic materials, tooth enamel, bone,
dentin, adhesives, composites, botanical and agricultural samples have been imaged. The
principles of operation of the SEMP, parameters affecting its spatial and permittivity/
permeability/conductivity resolutions, and examples of its applications are introduced in this
chapter.

Evanescent fields were first used by Bethe in calculating the coupling coefficient of microwave
waveguides connected to each other through a hole much smaller than the microwave
wavelength [10]. Baez is credited as the first individual to image objects using sonic evanescent
waves [11] followed by Soohoo who performed similar experiments using microwaves [12].
Ash is credited with generating evanescent microwave fields in a very elaborate test rig to
demonstrate that these fields can be used to resolve metallic features on the order of λ/100
[13]. Others have studied evanescent fields in the context of imaging as well [14,15]. Several
research groups, including our own, have used microwave resonators in the characterization
of semiconductors with λ/100 [16–23]. The evanescent microwave probe (EMP) used in our
work is a planar structure [19] that readily lends itself to implementation on a silicon cantilever
beam. We started working on evanescent microwave probes for imaging applications in the
late 1980s, and our initial resolution using a microstripline resonator was around 80 μm at 1
GHz [19]. The EMPs applications in a variety of areas were also explored by us [24–41].
Recently, we achieved nearly atomic resolution by coupling the microwave probe to the atomic
force microscope (AFM) and scanning tunneling microscope (STM) [26,36]. We have shown
that a variety of materials ranging from conductors to insulators can be imaged using the EMP
[19,24–41].

Our work in microwave super-resolution imaging of biological and botanical specimens, e.g.,
woods and fruits, has shown that interesting microwave resistivity maps can be obtained and
used to study aging and other processes in these materials. For example, EMP can be used to
monitor electrical activities in bone samples [24,25,34]. Resorption and remodeling of bone
have been attributed to osteocytic cells sensing changes in streaming potentials generated
during deformation of the tissue. Thus, measurements of the electromagnetic properties of such
tissues could prove crucial in the development of models to explain bone remodeling. EMP is
sensitive to moisture and ionic mineral content such as variations in tooth enamel. EMP is
capable of detecting the onset of caries—believed to be accompanied by minute surface
blemishes with increased moisture and varying degrees of mineralization. Having a microwave
power of less than nano-Watts, this unique probe promises to significantly reduce the time-to-
detection of cavity formation, enabling timely prevention [24].

The EMP has the following important characteristics: (i) The EMP uses coherent microwave
sources that are readily and inexpensively available over a wide range of frequencies covering
100 MHz up to 100 GHz. (ii) The EMP does not require conducting or optically transmitting/
reflecting samples. (iii) The spatial resolution of the EMP can be varied over a wide range,
even at a fixed frequency, by using different probe configurations. (iv) The EMP can image
sub-surface defects and non-uniformities within the microwave skin depth inside the sample.
(v) The EMP does not require any coupling medium and it can be used in air, vacuum or in a
suitable liquid. (vi) Operating at very high frequencies and using the homodyne detection
technique, the EMP can achieve very high scan rates (up to a few centimeters per second) over
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hot and cold samples. (vii) Many different parallel EMPs can be used simultaneously to scan
over large areas.

2.6. Finite element modeling
A numerical simulation method can very often benefit the imaging technique by acting as a
tool for data interpretation and for iterative refinement of the imaging procedure. The finite
element (FE) method is an established numerical simulation technique that may be used to
compute the distributions of field quantities within the domain that is to be imaged. Since no
single imaging modality provides a complete picture of the physico-chemico-mechanical
properties, in the FE computations, properties measured with diverse imaging techniques of
different modalities and spatial resolution are utilized. The computation results are expected
to provide insight to the likely response of the different phases composing the domain to the
applied field. These results may then be utilized to verify the data interpretation of a particular
imaging modality and to refine the imaging procedure. For instance, the FE method may be
used to obtain distributions of stress and strain fields in a given region that is to be imaged by
directly utilizing the measured data from the high-resolution analytical techniques such as SAM
and micro-Raman spectroscopy [42]. The resulting stress distributions provide insight to likely
failure location and mechanisms, and may indicate the need to further refine the mechanical
property and chemical measurements in regions of stress concentrations and its proximity.

As a computational technique, the FE method provides certain advantages: (1) it is a completely
non-destructive technique; (2) several models may be executed on computers at the same time;
(3) parameters that cannot be easily modified in the laboratory setting may be easily varied in
the FE model; and (4) the model may be exercised for a variety of conditions. The disadvantage
of the FE method stems from the less-than-perfect empirical information available to make the
models realistic. However, by combining the imaging technique and the FE method, successive
refinement of both the imaging procedure and the FE model may be achieved resulting in
superior imaging data interpretation and accurate prediction of the system behavior under
applied stimulus.

2.7. Ultrasonic wave propagation (UWP)
UPW, at lower frequencies than those used with SAM, also has been used to obtain elastic
properties of calcified tissues. Both shear (transverse) and longitudinal sound waves are used
with this technique. For longitudinal wave propagation, the relationship between the acoustic
wavelength, λ, and sample cross-section dimension, d, affects the calculation of Young’s
modulus when determining the elastic properties of the material being measured: For λ>d, an
extensional longitudinal wave, VL, is generated in the material (also known as a BAR wave)
yielding the Young’s modulus, E, for an isotropic material as, E = ρVL

2, where ρ is the material
density. This UWP experiment for elastic materials corresponds to an uniaxial mechanical
testing experiment in obtaining the same value of E; for viscoelastic materials, the value of
E will be different because of dispersion. For λ<d, a dilatational longitudinal wave is generated
in the material (denoted in this paper as a BULK wave). Both the shear (transverse), Vt, and
dilatational, V1, velocities must be measured in isotropic materials in order to calculate values
of both the shear modulus, G = ρVt

2, and the bulk modulus, K = ρ V1
2 + (4 / 3)Vt

2 , as Young’s
modulus for a BAR wave, E = 9KG/(3K+G). For elastic materials, this UWP experiment
corresponds to the mechanical testing experiment where the load is applied along one axis
while the transverse sides are constrained; again, as described above, the modulus measured
will have a different value for a viscoelastic material.

Both the longitudinal (dilatational) and transverse ultrasound measurements should be made
in a number of structural directions corresponding to the observed symmetry in an anisotropic
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material [3]. In the case of transverse isotropic symmetry–where there is a unique axis
transverse to a plane of symmetry [3]-there are five independent elastic constants (Cij), whereas
for orthotropic symmetry–where there are three independent orthogonal axes-nine independent
Cij [3] are required. Table 1 contains both the five transverse isotropic Cij for human haversian
bone and nine orthotropic Cij for bovine plexiform bone. In both cases, the bone axis direction
is denoted by 3; in the plane orthogonal to the 3 direction, the radial direction is denoted by 1
and the transverse direction by 2. Thus, the respective C33 elastic constants are 40.8 GPa for
the bovine sample and 30.0 GPa for the human sample. Similarly, the C11 values are 30.8 and
21.1 and the C22 values are 25.7 and 20.1 for the plexiform bovine and human haversian bone
samples, respectively. It is the significant difference between the C11 and C22 for the plexiform
bovine bone that confirms the assignment of orthotropic symmetry for that type of bone; it
reflects its plywood-like structural organization. For human haversian bone, it is the lack of
significance between the C11 and C22 stiffness coefficients that supports the assignment of
transverse isotropic symmetry; this also holds true for bovine haversian bone as well [43].
Values of the scalar shear and compression anisotropy factors have been adapted for both
transverse isotropy [44] and orthotropic symmetry [45].

3. Overview of structural characteristics of selected calcified tissues
3.1. Bone

The principal components of bone are an organic phase, the biopolymer collagen, and an
inorganic phase, apatite mineralites. Many of the physiological functions and mechanical
characteristics of bone are dependent on the size of the apatitic mineralites and their 3-D spatial
relationships to the collagen molecules in the organic matrix. Results from electron microscopy
and low-angle X-ray and neutron diffraction provide clear evidence that the apatitic mineralites
of bone are deposited almost exclusively within the collagen fibrils [46–50]. In this case, the
structure–function relationships depend on the amount and distribution of the solid mineral
phase, which in turn effects the molecular conformation of the collagen molecules and the
supramolecular structure of the fibrils.

The apatite mineralites are of very small size; their shape plays a key role both biologically
and in providing the biomechanical properties in support of the function attributes of various
bones. Atomic force microscopy (AFM) has been used to measure the three-dimensional shape
and size of mature bovine bone mineralites as well as young postnatal bovine bone [2,51,52].
In the mature bone, approximately 98% of the mineralites are less than 2 nm thick displaying
a plate-like habit (Table 1). The distributions of both thickness and width of the mineralites in
mature bovine bone show single peaks. In mature bone, the distribution of lengths of the
mineralites may be multimodal with distinct peaks separated by ~6 nm. Using AFM, the mean
mineralite size in young postnatal bovine bone is 9 nm × 6 nm × 2 nm, significantly shorter
and thicker than the mineralites of mature bovine bone. Thus, the AFM results indicate that
the average bovine bone mineralite becomes greater in length and width as the animal matures;
these results are consistent with TEM data on isolated mineralites [53].

3.2. Dentin
Dentin is the hydrated composite structure that constitutes the body of each tooth, providing
both a protective covering for the pulp and serving as a support for the overlying enamel.
Because of its exceptionally high mineral content, enamel is a very brittle tissue. Enamel is so
brittle that without the support of the more resilient dentin structure it would fracture when
exposed to the forces of mastication. Dentin supports as well as compensates for the brittle
nature of the enamel. In contrast to enamel, dentin is a vital tissue containing the cell processes
of odontoblasts and neurons. Since the odontoblasts can be stimulated to deposit more dentin,
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this tissue is capable of limited repair. The structure–property relationships of dentin vary with
location, physiological, aging and disease processes.

Dentin is composed of approximately 50% inorganic material, 30% organic material and 20%
fluid by volume. Dentin mineral is a carbonate rich, calcium deficient apatite [1,54]. The
organic component is predominantly type I collagen with minor contribution from other
proteins that can be categorized as phosphoproteins, glycoproteins and γ-carboxyglutamate-
containing proteins [55]. The composition of dentinal fluid is reportedly similar to plasma but
to date, it has been poorly characterized [54].

Results from small angle X-ray scattering suggest that the mineral crystallites are more plate-
like in the dentin nearest the dentin–enamel junction and needle-like in the more recently
formed dentin near the pulp [56]. Even though there is a significant change in shape of the
crystallite with position, the thickness remains approximately 5 nm irregardless of the position
[56]. Previous authors have reported the size of the sound dentin crystal as 3 nm in width, 20
nm in thickness and 20 nm in length (in review by Daculsi et al. [57]); these values differ from
those found for the isolated bone mineralites. Because of the recent findings on the shape and
size of isolated bone mineralites from both young (post-natal) and mature bovine bone
indicating only plate-like structures of smaller size than found in the X-ray diffraction studies
[2,51,52], this strongly suggests that similar AFM studies must be done on the intertubular and
peritubular dentin mineralites. There may be real differences between cortical bone mineralites
and dentin mineralites due to differences in the intertubular and peritubular collagen matrix
morphology.

A unique feature of the dentin structure is the tubules that traverse the structure from the pulp
cavity to the region just below the dentin–enamel junction (DEJ) or the dentin–cementum
junction (CEJ). The tubules, which could be modeled as narrow tunnels a few microns or less
in diameter, represent the tracks taken by the odontoblastic cells from the pulp chamber to the
respective junctions. Dentinal tubule diameter measures approximately 2.5 μm near the pulp
and 0.9 μm near the DEJ [58]. Tubule density and orientation vary from location to location,
density is lowest at the DEJ and highest at the predentin surface at the junction to the pulp
chamber. For example, in young premolar and molar teeth, their numbers range from 50,000
to 75,000 mm−2 at the pulpal surface to approximately half as many per square millimeter in
the proximity of the DEJ [58]. The content of the tubules includes fluid and odontoblast
processes for all or part of their course. In contrast to root dentin, the tubules in coronal dentin
are surrounded by a collar of highly mineralized peritubular dentin [59].

The composition of the peritubular dentin is carbonate apatite with very small amounts of
organic matrix whereas intertubular dentin, i.e., the dentin separating the tubules, is type I
collagen matrix reinforced with apatite. Thus, the composition of intertubular dentin is
primarily mineralized collagen fibrils; the fibrils are described as a composite of a collagen
framework and thin plate-shaped carbonate apatite crystals whose c-axes are aligned with the
collagen fibril axis [60]. In healthy dentin, the majority of the mineralized collagen fibrils are
perpendicular to the tubules [56].

The difference in composition between the peritubular and intertubular dentin is reflected in
the hardness values, i.e., 2.3 and 0.5 GPa, respectively [61]. Using atomic force microscopy
(AFM), these hardness values were determined for indentations made parallel with the tubule
axis. Based on measurement with AFM, the modulus of elasticity for peritubular and
intertubular dentin is 28.6 and 20 GPa, respectively [62].

Using scanning acoustic microscopy (SAM), Katz et al. [63] reported a modulus of elasticity
for bulk dentin of 28 GPa. The modulus of elasticity of partially demineralized dentin as
determined by scanning acoustic microscopy was 13 GPa and increased linearly to the in situ
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bulk property [63]. The modulus at the dentin/adhesive interface also reflects the diffusion of
the acid through the dentin substrate; thus, there is a gradual decrease from the mineralized
dentin to partial demineralization and complete demineralization; this points out the
capabilities of measuring the continuum of elastic properties at the material/tissue interface
using the functional imaging power provided by SAM. The modulus for demineralized dentin
collagen was found to be 1.76 GPa based on extrapolation on the calibration curves described
earlier in this chapter [64,65].

3.3. Dentin smear layer
Tooth surfaces that have been prepared with cutting or abrading instruments are
characteristically covered with a 0.5–2 μm thick smear layer. The diamond bur-created smear
layer shows a substantial loss of any fibrous-like structure; the top of this loosely organized
smear layer has been dislodged from the subjacent dentin (Fig. 4B). In comparison, the smear
layer formed with the carbide bur appears fibrous (Fig. 4A). The generation of frictional heat
and plastic/elastic deformation during cutting and abrading are all factors in the formation of
the smear layer. Smear layers formed on dentin cover the normal structural components, i.e.,
the intertubular dentin and penetrate several micrometers into the tubules to form smear plugs.
Using scanning electron microscopy (SEM), Eick [66] directly observed, at high magnification,
tooth surfaces after cutting, and claimed that the dentin smear layer could be described as a
disturbed film of organic and hydroxyapatite particles, generally less man 2 μm thick. Although
it has been generally accepted that the composition of the dentin smear layer is a mixture of
partly denatured collagen and mineral [66–68], definitive compositional, structural and
chemical reactivity data have been published recently [69,70].

Acids with a high reactivity rate with the mineral component of dentin have been considered
a good reagent for removing the smear layer. These evaluations were based largely on scanning
electron micrographs of acid-etched dentin, which portrayed a smooth dentin surface, free of
solid deposits and open tubules. With few exceptions, these studies largely disregarded the
collagen remnants of the smear or overlooked the inability of acid to act as a solvent for collagen
[68,71]. This oversight may be attributed in part to the microscopic nature of the smear layer
and lack of resolution of many of the techniques used to study dentin demineralization [68].
The conclusions that acid removes the smear layer are based primarily on morphologic
evidence of open dentin tubules, but these observations largely reflect the effect of a–e on
smear plugs overlying the tubules. To date, there has limited morphologic and/or chemical
investigation of the smear that covers the intertubular dentin.

Micro-Raman spectroscopy is well suited to the chemical characterization of smear-covered
intertubular dentin surfaces and the effect of acid etchants on these surfaces. A distinct
advantage of the micro-Raman spectroscopic technique described here is the ability to record
spectral data from samples that are wet throughout the analysis. Collecting spectral data from
the demineralized dentin under wet conditions reduces the potential for collagen collapse as a
result of desiccation. Environmental SEM has been used to image wet demineralized dentin
specimens, but image resolution was unsatisfactory [72]. Raman spectroscopy is sensitive to
the backbone conformation or secondary structure of proteins. Thus, it can provide critical data
on triple helix to random coil transitions that may occur in dentin collagen as a result of heat,
acid or other degrading reagents. In the Raman spectra of collagen, bands associated with amide
I and III are particularly sensitive to conformational changes in the triple helix [73].

Amide I and III regions were broadened and the ratio of the relative intensities is considerably
different in the spectra of the acid-treated smear layers as compared to the demineralized dentin
(Fig. 5). The most striking difference is seen in the amide III region. There is substantial
broadening and loss of intensity of the features associated with amide III in the spectra of both
carbide and diamond bur-created smear layers following a 15 s etch with phosphoric acid.
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Broadening and the accompanying change in the ratio of the relative intensities of the amide
I and III suggests that the collagen within the acid-treated smear layers is disorganized and
denatured [161]. The relative intensity of the P–O group in the spectra of the acid-treated smear
layers suggests that the mineral is not accessible to the acid. These results further suggest that,
upon acid exposure, the disorganized collagen within the smear layer forms a gelatinous matrix
around the mineral; the mineral is trapped within this denatured gel and thus shielded from the
acid. The spectral results suggest that as a result of the heat and potentially, mechanical stress
produced during preparation of the dentin the collagen within the smear layer is disorganized.
This disorganized collagen is denatured by 15 s exposure to the 35% phosphoric acid gel used
in this study.

There are interesting differences in the spectra of the acid-treated carbide and diamond bur
smear layers (Fig. 6A,B). The spectral feature associated with mineral trapped in a gelatinous
matrix, i.e., the P–O group at 960 cm−1, is evident to a depth of ~4 μm in the a–e diamond bur-
created smear layer (Fig. 6B). The relative concentration of phosphate in the gelatinous matrix
is about 10–20% of the concentration of phosphate in mineralized dentin (Fig. 7). In
comparison, the phosphate group associated with mineral trapped in the gelatinous matrix is
only apparent in the first spectrum of the a–e carbide bur-created smear layer. In the spectral
map of the a–e diamond bur-created smear layer, the features associated with the amide III
show a substantial loss of intensity and the C–C stretch associated with the organic component
is not apparent until several microns. These results suggest that the diamond bur smear layer
is thicker and more condensed than the smear layer created with the carbide bur. Using high-
resolution TEM with phosphotungstic acid staining, the smear layers created by 600 grit SiC
reported to create smear layers similar to medium to coarse diamond burs [74] were shown to
be 3.3 to 4.6 μm thick.

The higher mineral content within the a–e diamond bur-created smear layer as compared to
the a–e carbide bur smear layer reflects the thicker and more condensed layer created with the
diamond (Fig. 6). These characteristics, i.e., a thicker and more compacted smear layer created
with the diamond bur, are also reflected in the transition from complete to partial
demineralization. This transition is abrupt in the a–e diamond bur smear layer as compared to
the smear formed with the carbide bur. The gradual gradient of dentin demineralization
recorded with the a–e carbide bur-created smear layer as opposed to the sharp change noted
with the diamond bur smear layer suggests that it is easier for the acid to diffuse through the
smear layer formed with the carbide.

The TEM images correspondingly reflect a compressed smear layer in the specimens prepared
with the diamond bur. The collagen in the diamond bur-created smear layer appears severely
disrupted and disorganized. In comparison, the carbide bur-created smear layer does not have
the appearance of severely disturbed collagen (Fig. 4).

The work presented in this study is the first molecular structural analysis of a–e smear layers
[69,70]. It is also the first study to quantitate dentin demineralization under conditions that
permit hydration of the specimen throughout the analysis [69]. Hydration is critical to these
efforts since it is widely accepted that the collagen within the demineralized dentin will collapse
if it is allowed to dry [54]; such collapse would lead to inaccurate characterization of the extent
or degree of dentin demineralization. The spectral results indicate that collagen within the
smear layer is disorganized but not denatured. This disorganized collagen is denatured by the
15 s acid treatment used in this study. The results provide clear evidence that the collagen of
the smear layer is not removed by acid-etching and residual mineral is trapped in the denatured,
gelatinized collagen. Ultimately, this gelatinous layer could inhibit the formation of an
impervious seal at the dentin/adhesive interface; it could act as a weak link in the coupling of
adhesive to dentin.
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3.4. Dentin–enamel junction
The dentin–enamel junction (DEJ), the natural connector between the hard, brittle enamel and
subjacent softer, tougher dentin, plays a critical role in maintaining the biomechanical integrity
of the tooth. In a healthy mouth, the DEJ serves as a natural barrier to cyclic fatigue crack
growth. The DEJ structure is generally described as a series of 25–100 μm diameter scallops
with their convexities directed toward the dentin [75,76]. There appear to be microscallops
housed within each scallop and a finer nanolevel structure within each microscallop [77]. The
DEJ is also characterized by parallel 80–120 nm diameter collagen fibrils that directly insert
into the enamel mineral and also merge with the interwoven fibrillar network of the dentin
collagen matrix [77]. This scalloped structure with the associated collagen fibrils crossing
between enamel and dentin may lead to enhanced mechanical bonding between the two
calcified tissues.

Besides the unique structure, the DEJ is also characterized by a region of distinct or functionally
graded properties between the enamel and the dentin [78,79]. Thus, the DEJ is considered an
interphase rather than an interface; an interface refers to the presence of a sharp two-
dimensional boundary between two phases, i.e., polymer and glass [80]. The mechanical
property gradient has been reported as a smooth gradient across the DEJ, with hardness and
elastic modulus values highest in the enamel, intermediate across the DEJ and lowest in the
bulk dentin [81,82]. In contrast, other investigators have reported that hardness and the
associated elastic modulus are lowest at the DEJ [79,83,84]. The DEJ configuration is known
to be an effective obstacle for enamel-initiated crack propagation [85–87]. Even with high
stress concentrations at the DEJ, failure at this natural junction between the dentin and enamel
is not typical. SAM and SEMP have also been used to obtain qualitative images of the DEJ
(Katz and Tabib-Azar, private communication).

4. Property measurement of selected calcified tissues
4.1. Mechanical analysis with ultrasonic wave propagation techniques

One of the early mechanical testing studies of human dentin [88] is still used as a reference
base for comparison with modem studies [89]. In order to take advantage of the ability to work
with the small specimens available for both dentin and enamel, other researchers began to
utilize bulk acoustic (also called ultrasonic) wave propagation techniques to measure these
properties. Lees and Rollins [90] and Gilmore et al. [91] used both longitudinal and shear wave
propagation to obtain values of Young’s, Shear and bulk moduli for both dentin and enamel.
The latter data were also used by Spears [89] in his 3-D finite element analysis (FEA) of
prismatic enamel. An early review of some of the mechanical and physical properties of teeth
through 1979 [92] summarizes the state-of-the-art prior to the development of modern micro-
and nanotechniques of measuring tissue properties. Bulk acoustic wave propagation techniques
were used to measure the properties of dental materials in a number of studies by Katz and his
colleagues and students: dentin and enamel [91], amalgams [93–95], cements [96], composites
[97–99], alloys [100] and anticipating tissue engineering based on apatites, a series of studies
of various synthetic and biological apatites [101–103]. The availability of such detailed data
on properties has also allowed the development of various models to explain and/or predict the
properties both of natural [104] and synthetic biomaterials [105–107]. These bulk acoustic
measurements provide useful information about the macromechanical properties of materials,
biological, natural or synthetic. Indeed, variations of the acoustic techniques described above
have been used to study abnormalities or defects in skeletal tissues in vitro [108] and in vivo
[109].
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4.2. Micromechanical analysis with scanning acoustic microscopy (SAM)
In the 1970s, the development of a new technique, scanning acoustic microscopy (SAM),
enabled the analysis of the biomechanical properties of materials at much higher resolution
than was achieved by the bulk ultrasonic technique [110–112], SAM made it possible to
measure the elastic properties of biological tissues and tissue/material interfaces at the
microstructural level, providing the transition from macro- to micromechanical analysis of
biological systems. A significant advantage of SAM is the ability to investigate the properties
of internal and subsurface structures in addition to the surface properties of most materials,
including those that are optically opaque. An additional advantage of this technique when
applied to the study of biological materials is that a liquid couplant (usually water) must be
used to transmit the acoustic waves from the acoustic lens to the specimen being studied The
specimen is kept wet during all measurements, contrary to both TEM and SEM which require
the specimens to be placed within a vacuum chamber during observations. Thus, fresh tissue
specimens can be used as well as embedded specimens. In addition, the use of high quality,
high frequency focusing acoustic lenses permits examination of the elastic properties of
biological materials on a scale comparable to optical histologic studies.

A large variety of mostly opaque polymeric materials and composites have been investigated
nondestructively using both the pulse and burst operating modes in SAM [113]. These modes
complement each other in the characterization and analysis of different features within the
material. The pulse mode, which operates in the low-frequency range (10–200 MHz), permits
in-depth imaging of internal defects and discontinuities. This mode has been used to show
delaminations in composites [114] or internal damage, inclusions or voids in materials [112].
The burst mode is used to analyze the surface and subsurface microstructural features of
materials. For example, the dispersivity of filler particles in polymeric matrices has been
studied using SAM in burst mode [113]. Images of strain fields around the particles in a PVC
matrix have been generated using SAM in burst mode [113].

In the early 1980s, the bone research group at Rensselaer Polytechnic Institute (RPI) began to
use a transmission SAM to study skeletal tissue micromechanics [108,115,116]. The
limitations of the transmission technique led to the design and development in Paris, France
of a reflection SAM system working in the pulse mode in the 20 to 50 MHz frequency range
[117]. It was used to study the effects of hip implants on the surrounding bone, especially the
properties of the remodeled bone that surrounded the implant [118].

SAM in the burst mode has been used to study the in vitro micromechanical elastic properties
of human compact cortical femoral bone [119] and trabecular bone [120]. In this study, the
authors were able to image the properties of the individual osteonic lamellae at high enough
resolution so that three new micromechanical observations were made: (1) the outermost
lamellae always appear to be more compliant; (2) the outermost lamellae of adjacent abutting
osteons appear to have the same acoustic impedance (and thus Young’s modulus), even though
structurally distinct; and (3) adjacent lamellae within an osteon alternate in their acoustic
impedance (and thus Young’s modulus). Due to the large scattering and absorption of acoustic
waves at high frequencies, the burst mode cannot provide images very deep below the surface.
However, defects close to the surface can be imaged through the interference pattern occurring
between the burst signal reflected from either the surface or the subsurface defect. This
technique is of special interest when investigating the adhesion between a thin coating and a
substrate.

The Kraemer KSI 2000 high frequency SAM at the Martin-Luther-University Halle-
Wittenberg Medical School in Halle-Saale, Germany, has been used to study the changes in
calcified tissues with age. Specimen from the proximal femora of pairs of both females and
males, ages in the 20 s, 60 s and 70 s, were cut, under flowing water, at 15° intervals from
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along the bone axis to the transverse direction to study the bone anisotropy as well Frequencies
used in this study ranged from 400 MHz (nominal lateral resolution 2.5 μm) to 800 MHz
(nominal lateral resolution 1.25 μm). Preliminary results of these studies were presented at the
Augustusburg Conference of Advanced Science on “Mechanical Properties of Cells and
Tissues: Contributions of Scanning Acoustic Microscopy and Atomic Force Microscopy”
October 11–13, 1999 on Augustusburg, Saxony, Germany.

5. Synthetic material/calcified tissue interfaces
Scanning acoustic microscopy has also been applied to study interfaces of dental as well as
medical interest. To fully appreciate the application of this technology to investigations of this
nature, it is necessary to begin by reviewing the characteristics of material/tissue interfaces of
particular interest in dentistry. The interfacial structure and properties of the dentin/adhesive
(d/a) interface will be presented in greatest detail.

5.1. The d/a interface
With the public’s concern about mercury release from dental amalgam and the environmental
issues associated with discharge of mercury into the waste water, it is expected that dentists
will frequently turn to other synthetic replacement materials such as composite resin to repair
both anterior and posterior teeth. A key factor in the long-term clinical success of these repairs
is successful attachment or bonding of the composite material to the tooth surface. Breakdown
of the composite/tooth bond leads to the formation of gaps at the material/tooth interface; the
gaps act as a conduit for penetration of bacterial enzymes, bacteria, fluids and ions. This
exchange of fluids and bacteria at the interface is commonly referred to as microleakage and
is recognized as a major factor contributing to hypersensitivity [121] as well as secondary caries
[122].

The bond at the tooth surface/composite material interface actually involves two distinctly
different substrates, i.e., dentin and enamel. The composition of the enamel is approximately
98% mineral and 2% protein while the dentin is 50% mineral, 30% protein and 20% water by
volume [123]. Acid-etching provides effective mechanical bonding between the composite
restoration and treated enamel, but there is substantial evidence that the bond at the dentin
surface experiences premature degradation [121,122,124]. Breakdown of the bond at the tooth
surface/composite material interface has thus been linked directly to the failure of our current
materials to consistently seal and adhere to the dentin [125].

Current theories on dentin bonding suggest that two fundamental processes are involved in
bonding an adhesive to dentin. First, the mineral phase must be extracted from the dentin
substrate without altering the collagen matrix and second, the voids left by the mineral must
be filled with adhesive resin that undergoes complete in situ polymerization, i.e., the formation
of a resin-reinforced or hybrid layer [126]. The ideal hybrid layer would be characterized as a
three-dimensional polymer/collagen network that provides both a continuous and stable link
between the bulk adhesive and dentin substrate. There is substantial evidence to suggest that
this ideal objective is not achieved. Instead of serving as a stable connection between the bulk
adhesive and subjacent intact dentin the hybrid layer has been called the weakest link in the
dentin/adhesive bond [127].

Dentin can be regarded as a biological composite of a collagen matrix which is highly filled
with nanometer-sized apatite crystals. After extracting the mineral from the collagen fibrils,
the voids can be filled with a resin, thus forming a new composite made up of resin matrix
filled with a fibrous collagen. This new structure is a hybrid of resin and collagen [128]. This
optimum hybrid structure was achieved when adhesive resin infiltrated dehydrated,
demineralized dentin prepared under controlled conditions, but not at the d/a interface formed
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using the wet bonding technique [129]. Using the histomorphologic technique described here
and reported previously [130,131], any collagen that is not encased in adhesive resin is available
for reaction with the Goldner’s trichrome stain. The distinct red zone at the d/a interface
indicated that the adhesive did not penetrate the full depth of the demineralized layer, i.e., it
did not encapsulate the collagen fibrils throughout the width of the demineralized dentin
[129]. This novel staining technique, which identifies exposed collagenous protein at the light
microscopic level, provides a unique, clear representation of the extent and degree to which
the adhesive resins envelope the collagen fibrils of the demineralized dentin matrix.

Corresponding Raman spectra recorded from the intertubular area of the d/a interface and the
sections from the optimum hybrid structure confirmed the above observation [129]. The
spectrum of d/a interface has lower adhesive contribution as compared to the spectrum of the
optimum hybrid structure, indicating limited diffusion of resin monomers into the wet d/a
interface. The Raman spectral bands collected as a function of position across the d/a interface
also showed a gradual decrease in adhesive concentration. Gradual decreases in intensity of
Raman bands associated with adhesive have been reported previously [132,133], but in these
studies, the authors measured the amount of resin penetration based on the absolute intensity
of adhesive bands [133], totally ignoring the collagen matrix, the key component of acid-etched
dentin. The absolute intensity of backscattering Raman band is dramatically effected by many
factors, such as the smoothness of the sample surface, the position of focusing, the depth of
detection, fluorescence of biological components and the stability of the instrument and laser
power, etc. [134,135]. Since it is very difficult to maintain all of the above conditions the same
across the breadth of the sample, the band intensity may vary from one measurement to the
next even at the same spot on the sample. In order to account for the effect of instrumental
fluctuation and errors, the Raman band associated with the collagen matrix was used as internal
standard throughout our studies [129,131,136]. The quantitative band intensity ratios of
adhesive and collagen across the d/a interface indicate that at the first micrometer of the d/a
interface, only ~68% of the concentration of BisGMA in the original adhesive penetrated the
demineralized dentin. In comparison, the resin components (including HEMA) diffused more
readily into the demineralized dentin zone than the BisGMA component [129].

With wet bonding techniques, the tubular channels and intertubular area between the
demineralized dentin collagen fibrils are filled with water, conditioner and/or oral fluids. For
example, hydrated demineralized dentin is 30% collagen and 70% water by volume [54,71].
The only mechanism available for adhesive resin infiltration is diffusion of the resin into
whatever fluid is in the spaces of the substrate and along the collagen fibers. Ideally, the solvent/
HEMA combination conditions the collagen to remain expanded during adhesive infiltration.
However, HEMA can dramatically reduce the evaporation of water, i.e., the addition of HEMA
reduces the mole fraction of water and therefore reduces the partial pressure of water according
to Dalton’s law of partial pressures. As the partial pressure of water drops it becomes more
and more difficult to remove residual water from the demineralized dentin. Hydrophobic
monomers, such as BisGMA, would resist diffusing into the sites where there is residual water.
As reported in a recent study, SB adhesive may separate into hydrophobic BisGMA-rich and
hydrophilic HEMA-rich phases as it interacts with the wet demineralized dentin matrix
[137].

Phase separation of the adhesive that infiltrates the demineralized dentin matrix would
compromise the structural integrity of the resultant hybrid layer. In contrast to an impervious
three-dimensional collagen/polymer network, adhesive phase separation would lead to a very
porous hybrid layer characterized by hydrophobic BisGMA-rich particles distributed in a
hydrophilic HEMA-rich matrix [137]. Because of its low cross-link density HEMA is unstable
in aqueous environments and thus, this phase will degrade when exposed to oral fluids [138].
In addition, unprotected demineralized collagen fibrils are more susceptible to hydrolysis than
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are mineralized collagen fibrils. This may explain the decreased bond strength in aqueous
environments over the long term.

Molecular microanalysis in conjunction with a novel histomorphologic technique provides a
clear, quantitative method for determining the quality of the hybrid layer. The results suggest
that under wet bonding the d/a interface is not an impervious collagen/polymer network but a
porous web; the composition of this web is predominately collagen and HEMA with less
contribution from the BisGMA component. The results of this study suggest that the critical
dimethacrylate component (BisGMA), which contributes the most to the cross-linked
polymeric adhesive, infiltrates a fraction of the total wet demineralized, intertubular dentin
layer.

If composite resins are to be considered a viable alternative to dental amalgam, the durability
of the interfacial bond must be addressed. Under in vivo conditions, this bond can be the first
defense against substances that may penetrate and ultimately undermine the restoration. The
durability of the dentin/adhesive bond is directly related to the quality of the hybrid layer that
connects the bulk adhesive to the subjacent, intact dentin. Determining the quality of this layer
has been a formidable problem and to date, the majority of our techniques have provided only
an indirect assessment of quality. For example, testing methods that measure fracture resistance
of bulk dentin/adhesive specimens before and after water immersion are not sensitive enough
to identify interfacial defects where degradation begins. High-resolution analytical techniques
that allow direct nondestructive, in situ detection of molecular structure and micromechanics
and provide us with the capability of measuring these properties at a spatial resolution
approximately equivalent to a hybrid layer (~2–10 μm) are needed [63–65,139].

5.2. Properties of the components at the d/a interface
Using scanning acoustic microscopy, the modulus of elasticity for demineralized dentin
collagen was 1.76 GPa [64]. The modulus of elasticity for the demineralized dentin collagen
specimen that has been infused with adhesive (optimum hybrid) was 1.84 GPa and the modulus
of elasticity of the infiltrated adhesive was 3.5 GPa. These specimens were different so that
there is no guarantee that the collagen thicknesses and orientations were comparable. Small
differences in those factors could be responsible for the 4.3% difference between the two
collagen values. Since the acoustic beam width, although quite small, is finite an additional
possibility is that the thin film of adhesive, of higher modulus, surrounding the collagen has
affected the measurement. As these values are obtained directly from the fibrils themselves,
they are compatible with the value of 3 GPa for the Young’s modulus of tendon collagen
molecules, obtained by X-ray diffraction measurements of the changes in their D period, when
strained in tension [140]. The extremely low values of demineralized dentin collagen matrices
measured by mechanical testing [141,142] are on porous meshes and do not reflect the
properties of either the molecules or the fibrils directly. It is well known that the modulus of
such soft materials lessens considerably with an increase in porosity.

The lower modulus of the adhesive infiltrate as compared to the value recorded for the adhesive
sample separately (5 GPa) may be related to several [63,64]. As a result of residual solvent
and/or water, the degree of monomer/polymer conversion in the adhesive infiltrate may have
been less than the sample composed solely of adhesive. The lower modulus of elasticity of the
infiltrate may reflect less polymerization and/or cross-linking of the material that infiltrated
the wet demineralized dentin matrix as compared to the separate adhesive sample. The value
for the adhesive infiltrate was, however, within the range reported by previous investigators.
For example, using tensile stress-strain tests Sano et al. [143] obtained moduli of elasticity for
resin-infiltrated demineralized dentin ranging between 2 and 3.6 GPa. With a modified AFM
nanoindenter, previous investigators reported the modulus of elasticity of Single Bond-
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infiltrated dentin between 1.3 and 5.1 GPa, depending upon the degree of hydration of the
substrate [144].

Characterization of the d/a interface specimens using scanning evanescent microwave probe
(EMP) technology clearly showed region of high electrical activity and permittivity in certain
areas of the sample. We are currently investigating the origin of this non-uniformity. EMP,
owing to the penetration of its sensing signal inside the sample, is capable of detecting the
properties of dentin–adhesive interface. When used along with SAM and Raman
microspectroscopy, important and critical information regarding bonding strength and
uniformity is obtained [139].

In a recent meta-analysis of bond strength results published between 1992 and 1996, the authors
concluded that although conventional tests are simple and fast, they have many drawbacks
[145]. The bond strength tests measure d/a reactions primarily at the point of fracture. They
do not provide mechanical data at a resolution that would permit the identification of interfacial
defects where failure likely initiates. Using conventional testing techniques, an investigator
cannot identify the initial flaw nor can the investigator directly correlate this flaw with the
structure and chemistry of the substrate or the bonded assembly. As described in our recent
publications [63,65] by combining the unique capabilities of μRS, SAM and optical
microscopy we can perform chemical, mechanical and morphologic characterization over the
same small region of the d/a interface. These complementary technologies provide direct
nondestructive hi situ detection of the interfacial molecular structure, micromechanics and
morphologic features of the bonded assembly. This is exemplified by the corresponding
patterns recorded in the optical image and the SAM image of the demineralized dentin collagen
infiltrated with adhesive. The data collected from these synergistic techniques provide added
insight into the potential problems at the weak d/a interface; problems that may be avoided by
altering the materials and/or the method of application.

5.3. Finite element modeling of the d/a interface
The structure of the dentin–adhesive interface as well as the modulus of elasticity of the dental
composite, the hybrid layer, the demineralized dentin collagen and the adhesive profoundly
affects the load transfer at the d/a interface. The in situ microstructural and micromechanical
property measurements obtained from micro-Raman spectroscopy, scanning acoustic
microscopy and optical microscopy were used in finite element analyses to predict stress
concentration and distributions at the interface under tensile loading [42].

The finite element results indicate that the stresses concentrate in the peritubular dentin in
proximity of the hybrid/exposed collagen layer. As the thickness of the hybrid/exposed
collagen layer increases the area of stress concentration zones increases. The stress
concentrations in peritubular dentin are exacerbated for cases with lower elastic moduli or
nonlinear gradation of elastic moduli in the hybrid/exposed collagen layers. Based on the results
of the Raman microspectroscopic and scanning acoustic microscopic investigations, the
exposed collagen layer is a result of incomplete adhesive infiltration and/or adhesive phase
[63,65,129,131,136,137]. The larger stress concentration zones for interfaces with thicker
hybrid/exposed collagen layer indicates an increased likelihood of failure initiating in the
peritubular region close to the hybrid layer. The stress concentration is found to be higher for
wider intertubular dentin and narrower peritubular dentin, illustrating the effect that modulus
of elasticity and microstructure has upon stress distribution and concentration at the d/a
interface [42].

The conventional opinion that the low elastic modulus as a result of phase separation in the
adhesive could offer a mechanical advantage to the system is not true. In other words, based
on our previous investigations, a commercial adhesive with a relatively high concentration of
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hydrophobic components undergoes phase separation in the presence of water with the
demineralized dentin matrix [137]. In a bonded joint such as occurs under ideal conditions at
the d/a interface, the globules of resin (as a result of adhesive phase separation) distributed
within the demineralized dentin matrix would potentially reflect defects within the joint that
would inhibit an even transfer of stresses across the d/a interface. Although this may be true,
one might expect that the stresses would dissipate quickly in the low modulus region. The
results from the finite element analyses indicate this is not true because the low modulus regions
lead to stress concentration in relatively high elastic modulus regions [42].

Although the applied stress is considerably smaller than dentin strength, the stress
concentration caused by interface geometry and interface-component elastic moduli will likely
lead to an overall d/a interface strength that is considerably less than the individual strengths
of the interface components. For the simple mode and loading case considered in the
preliminary calculations, complex multi-axial stresses exist at the microscopic-level;
consequently, a mixed mode fracture mechanism is more likely [42]. By devising full-depth
high modulus hybrid layer we may considerably reduce the stress concentration zone and the
magnitude of stress concentration in the peritubular dentin next to the hybrid/exposed collagen
layer.

5.4. Properties of the bone/implant interface
One advantage of using SAM in studying the effect of implants on the surrounding tissues is
that it is a nondestructive technique allowing use of the same samples for other studies. Thus,
the initial major use of the low frequency pulse-mode SAM designed and built at the
Laboratoire de Recherches Orthopediques in Paris [117] was in a study of the effects of a hip
implant on the surrounding femoral compact cortical bone [118]. In this study, the SAM images
of the inhomogeneities in both the implanted and contralateral femora were compared at the
same levels both above and below the tip of the implant. These results were correlated with
both histology and traditional bulk ultrasonic wave propagation measurements of Young’s
moduli. While the samples from above the tip in the implanted femur showed considerable
bone loss in certain regions due to stress shielding effects, as expected, the samples from the
same levels in the contralateral femur exhibited normal bone quality. However, there was no
significant difference in bone quality between the samples cut from below the implant tip in
both femora [118].

A high frequency study using the Olympus UH3 SAM (Olympus Co., Tokyo, Japan) at Case
Western Reserve University (CWRU) was performed using a 400 MHz burst-mode lens on
histologically prepared samples of porous Ti plugs with and without hydroxyapatite coatings
that had been inserted in rabbits at CWRU [146–148]. The SAM study showed that there were
significant differences in formation and remodeling from woven to haversian bone as a function
of both time of implantation and the presence or absence of hydroxyapatite coating in the pores
[149].

The real power of using SAM to study the micromechanical elastic properties that are found
in tissue-implant interactions, especially at their interfaces, comes into play when it is
correlated with the properties measured by other micro- and/or nanoscanning modalities, such,
as micro-Raman and FTIR for chemical properties and scanning evanescent microwaves for
electrical properties. This came to fruition when these scanning modalities were combined in
the ongoing studies of the multispectral properties of the dentin/adhesive (d/a) as described in
this section.
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6. Discussion
6.1. Multiscale model combining molecular/continuum mechanics

Numerical simulation methods may be utilized as tools for data interpretation and for iterative
refinement of the imaging/experimental procedure to understand system behavior at various
length scales. The finite element (FE) method in combination with appropriate scale bridging
constitutive relationships offers a powerful numerical simulation technique that may be used
to compute the distributions of field quantities within the domain whose behavior needs to be
investigated. Since no single imaging modality or experimental technique provides a complete
picture of the physico-chemico-mechanical properties, properties measured with diverse
imaging techniques of different modalities and spatial resolution are utilized in the FE
computations. The computation results are expected to provide insight to the likely response
of the different phases composing the domain to the applied field. These results may then be
utilized to verify the data interpretation of a particular imaging modality or experimental
technique and to refine the imaging or experimental procedure. Since FE method is a continuum
mechanics approach, FE models that implement scale bridging stress–strain relationships,
which bridge the discrete molecular scale to the continuum material (element) scale, are likely
to capture the nanoscale phenomena.

Stress–strain relationships for materials have been traditionally established through direct
phenomenological modeling based upon experimental observations. However, it is widely
accepted that the material stress–strain behavior critically depends upon the underlying
mechanisms that occur at scales smaller than the material sample scale. Modeling
methodologies that account for the underlying mechanisms governing the material behavior
and explicitly model material microstructure are expected to provide better insight to the
material stress–strain behavior and bridge the scale between continuum and discrete
representations. For instance, micromechanical models considering particle interactions have
been successfully used for describing stress–strain behavior of granular materials [150,151],
while lattice models of concrete microstructure have been found useful for describing concrete
fracture behavior [152].

Along this approach, we consider the material-scale to be composed of nanoscale grains
(representing molecular bonds) whose centroids represent material points. Similar granular or
discrete microstructure models have been considered in the past for developing constitutive
relations, such as the virtual internal bond model developed by Gao and Klein [153], the higher
order constitutive relationships developed by Chang et al. [154], the ‘doublet’ mechanics
models [155] and the micromechanics models [151,156–158]. In analogy with atomistic-scale
interactions, these nanoscale grains are viewed as interacting with each other through pseudo-
bonds. A schematic depiction of such a model is given in Fig. 8. Under an applied load on a
sample of such a material, the conceptual grams may translate or rotate. Considering each grain
to have six degrees of freedom, i.e., three translational and three rotational degrees of freedom,
the relative displacement δi between two nearest neighbor grams n and p (see Fig. 8) is given
by

δi = ui
n − ui

p + eijk(ω j
nrk

n − ω j
prk

p) (1)

where ui=particle displacement, ωj=particle rotation, rk = vector joining the particle centroid
to the contact point, superscripts refer to the particles and eijk = permutation symbol.

The relative displacement δi between two grains may be decomposed into two components,
one along the pseudo-bond connecting the conceptual grains denoted by δn and the other
tangential to the pseudo-bond denoted by δw. Thus, upon an increment of deformation, the
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center-to-center distance between two granular material points, L, becomes, Lo + δn, where
Lo is the initial center-to-center distance, and the tangential distortion between the two granular
material points, w, becomes δw. From an energy approach, the interactions between materials
points through bonds may be formulated in terms of potential function, Φ(L, w), which, for
simplicity, may be written as a summation of a central potential, φ(L), dependent upon the
center-to-center distance of two nearest neighbor grains, L, and a non-central potential, ϕ(w),
dependent upon the tangential distortion from the initial equilibrium position for the two nearest
neighbor grains, w.

The potential functions envisaged in the proposed methods are inspired by the atomic-
interaction potentials and represent the average behavior of a large number of molecular bonds
in a given direction. Thus, under compression as the center-to-center distance is decreased, we
expect the pseudo-bond potential function to account for the effects of molecular bond
compression, buckling or bending. Similar molecular bond-scale mechanisms need to be
accounted for when the grains are deformed in the direction tangential to the pseudo-bond. For
example, in contrast with tension, under compression, greater energy may be required to initiate
deformation in the direction tangential to the pseudo-bond. Such phenomena may be caused
by the differences in interactions at the interfaces under tensile or compressive conditions.
Hence, under compression, a deeper potential-well is expected for the non-central potential, φ
(w). The pseudo-bond potential functions have to be formulated accordingly. These potential
functions may be utilized to establish expressions for average force–displacement relationships
of a pseudo-bond. Schematic examples of bond force-displacement relationships are shown in
Fig. 9, which gives the plot of the force functions in normal as well as tangential direction of
a bond. As seen from Fig. 9, the force functions have a reasonable ability to model the
phenomenological behavior of a pseudo-bond. For instance, under purely central compression
along a bond, the sub-granular scale yielding or damage will result in the gradual flattening of
the force function as the center-to-center distance decreases. Similarly, under compression
accompanied with tangential relative displacement, the sub-granular scale mechanisms may
result in a tangential force function that reaches a peak and, subsequently, softens upon further
deformations.

Based upon these force functions, the increment of pseudo-bond force Δfi may be related to
the increment of relative displacement Δδj through the stiffness Kij as

Δf i = KijΔδ j (2)

The stiffness Kij may be written in terms of the stiffness in the normal direction Kn and that in
the tangential direction Kw as

Kij = Knnin j + Kw(sis j + tit j) (3)

Considering the kinematic assumption that the relative displacement Δδj is linearly related to
the overall strain, the pseudo-bond force-displacement relationships may be combined with its
orientation to derive the incremental stress and stiffness tensors in the following form:

Δσij = L oNp∫Ωni(Ω)Δf j(Ω)ξ(Ω)dΩ (4)

Cijkl = L o
2Np∫Ωni(Ω)K jl(Ω)nk(Ω)ξ(Ω)dΩ (5)

where the integration is performed over all the bonds in a given volume, Np is the bond density
per unit volume and ξ(Ω) is the directional density function of pseudo-bonds, such that the
product Npξ(Ω)dΩ denotes the bond density in the direction represented by the interval between
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solid angles Ω and Ω + dΩ. Alternatively, utilizing a static assumption that relates the pseudo-
bond force Δfi to the stress tensor, the pseudo-bond force–displacement relationships may be
combined with its orientation to derive the incremental strain and compliance tensors in the
following form:

Δεij = NpAjq∫ΩΔδi(Ω)nq(Ω)ξ(Ω)dΩ (6)

Sijkl = NpAkpAjq∫Ωnp(Ω)Kli−1(Ω)nq(Ω)ξ(Ω)dΩ (7)

where Akp is obtained as the inverse of “fabric” tensor Fpk given by:

Fpk = Np∫Ωnp(Ω)nk(Ω)ξ(Ω)dΩ (8)

Since, in general, the force and stiffness functions depend upon orientations, closed form
integration of Eqs. (4), (5), (6) and (7) may only be obtained under certain simple loading
conditions or under infinitesimally small strains in which case the stiffness, Kn and Kw, reduce
to constant values. For instance, based upon the kinematic approach, the initial isotropic
material properties under infinitesimally small strains maybe obtained as follows from Eq. (5):

E = L o
2Np

Kn(2Kn + 3Kw)

3(4Kn + Kw) (9)

v =
Kn − Kw
4Kn + Kw

(10)

Similarly, based upon the static approach, the initial isotropic material properties under
infinitesimally small strains may be obtained as follows from Eq. (7):

E = L o
2Np

5KnKw
3(2Kn + 3Kw) (11)

v =
Kn − Kw
2Kn + 3Kw

(12)

The stress–strain relationship derived following the methodology described above may be
implemented in FE model to understand the relationship between the overall applied stimulus
and measured behavior at the sample scale through imaging or experimental techniques. For
instance, the FE method may be used to obtain distributions of stress and strain fields in a given
region that is to be imaged by directly utilizing the measured data from the high-resolution
analytical techniques such as SAM and micro-Raman spectroscopy [159]. The resulting stress
distributions provide insight to likely failure location and mechanisms, and may indicate the
need to further refine the mechanical property and chemical measurements in regions of stress
concentrations and its proximity.

As a computational technique, the multiscale modeling method provides certain advantages,
in that the parameters that cannot be easily modified in the laboratory may be easily varied in
the FE model, and the model may be exercised for a variety of conditions. The disadvantage
of the multiscale method stems from the less-than-perfect empirical information available to
make the models realistic. However, by combining the imaging/experimental technique and
the multiscale modeling method, successive refinement of both the imaging or experimental
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procedure and the multiscale modeling model may be achieved resulting in superior imaging
data interpretation, and an accurate prediction and understanding of the system behavior under
applied stimulus at various hierarchical scales.
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Fig. 1.
Hierarchical structure of human bone (R. Lakes, Viscoelastio Solids, 1998, with permission
of CRC Press, Boca Raton, FL [160]).
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Fig. 2.
Hierarchical structure of human tooth, inserts representing tubule characteristics as a function
of position in reference to dentin-enamel junction (DEJ). In close proximity to the DEJ, low
density distribution of tubules and small size. Tubules of large size and high density are noted
in close proximity to the pulp and high-resolution image of intertubular dentin from this region
treated with EDTA to reveal collagen network.
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Fig. 3.
Diagram of the lens and specimen configuration for scanning acoustic microscopy (SAM).
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Fig. 4.
(A) Transmission electron micrograph of carbide bur smear layer. (B) Transmission electron
micrograph of diamond bur smear layer (Spencer et al. with permission of IADR/AADR,
Alexandria, VA [70]).
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Fig. 5.
Raman spectrum of acid-etched carbide bur-created smear layer (A); Raman spectrum of
completely demineralized dentin (B).
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Fig. 6.
(A) Raman map of dentin specimen fractured to provide cross-sectional view of the acid etched
carbide bur-created smear layer/demineralized dentin/undisturbed dentin. Spectra acquired at
1-μm intervals beginning at the acid etched carbide bur-created smear layer, extending into the
demineralized dentin and, finally, into the undisturbed dentin. (B) Raman map of the molecular
structure of the acid etched diamond bur-created smear layer and subjacent demineralized/
undisturbed dentin. Spectra acquired at 1-μm intervals beginning at the acid etched diamond
bur-created smear layer and continuing into the undisturbed dentin (Spencer et al. [70] with
permission of IADR/AADR).
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Fig. 7.
Effect of smear layer type on degree of demineralization produced by 35% H3PO4 etching for
15 s.
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Fig. 8.
From a microscopic viewpoint, the material contains a large number of molecular bonds whose
average behavior in a given direction may be represented by nanoscale grains interacting
through pseudo-bonds in that direction.
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Fig. 9.
Likely forms of pseudo-bond force–displacement relationship in normal, Fn, and tangential,
Fw, directions under compression and tension.
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Table 1
Average dimensions of young and mature bone mineralites

Length (nm) Width (nm) Thickness (nm) Description

Mature bovine 15 11 0.6 Thin, plate-like
Young postnatal bovine 9 6 2 Thick, plate-like
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