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ABSTRACT

In this thesis we report a study on cortical bones by means of the analysis of their surface
displacement maps. We use Digital Holographic Interferometry (DHI), a powerful non-destructive
optical testing for quantifying micrometric deformations. The bone samples are considered as a
biological composite material with anisotropic properties, and as a consequence, with no linear
behavior that implies a no repeatable mechanical response, even under the same mechanical
excitation signals. This study is divided in two stages; first, cortical bone samples are extracted from
porcine femoral diaphysis and cutted into cylinders that match the flat supports of a mechanical press
in order to transmit compression loads in the physiological and overload ranges. By using a medical
procedure to drill the samples, it was possible to compare the effect of bone loss volume and observe
the microfractures presence around the perforations against to those non-drilled samples which were
used as reference control. The results show a relationship between bone loss and compression loads
that can be assumed as “lower compression values and fewer drillings create higher surface
displacements, while higher compression values and more cortical drillings result in smaller surface
displacements”; an opposite performance of isotropic materials. This section also proves that the
high resolution of DHI gives a better understanding about the bone’s microstructural modifications,
making it a viable ex-vivo technique to analyze the consequences of some medical procedures. The
second section of the study aims to analyze the effect in bone strength when its organic and inorganic
components are degraded independently, which simulates bone illness conditions, permitting to
unveil their particular role in bone mechanical response. By employing FT-IR spectral signal in
transmittance it was possible to validate the effects of demineralization and air-drying procedures
implemented on cortical bovine samples that were machinated for compression tests. As in the
previous stages, DHI was employed to calculate the amplitude and phase information from the

cortical bone samples when are compressed under controlled loads in the physiologic and overload




ranges. The compression tests were managed by a Micro Compressive Testing Machine specially
designed for optical non-destructive testing. A comparison in terms of the surface displacement
among 1) demineralized, 2) dehydrated, and 3) demineralized and dehydrated groups with those of
control, permitted to prove the theory for a strong interrelationship among the hydroxyapatite,

collagen and water, which determines the bone strength as well as the role that each one plays.

. INTRODUCTION

1.1  Biological Materials and their Mechanical Structures

The early parts of the 20th century witnessed the beginnings of the study of biological
systems as structures. The first major work on this field is attributed to D’ Arcy W. Thompson [1],
who looked at biological systems as engineering structures and, from this approach, obtained
relationships that described that form. In the 1970’s the book “Bone” by Currey [2], exposed a broad
variety of mineralized biological materials and their characteristics. “Structural Biological Materials”
by Vincent [3] is considered another work of great significance in the area. However, although the
field of biology has existed and evolved along this period, the engineering and materials approaches
have been often shunned by biologists. Material Science and Engineering represent a discipline that
had its inception in the 1950’s and has expanded into three directions: metals, polymers and ceramics
(with mixtures and composites). Within this scientific route, in the 1990’s, Biological Materials have
been incorporated to its interests and found its proper future. Many biological systems have shown
mechanical properties that are far beyond those that can be achieved using synthetic materials [3,4].
This is an amazing fact when we consider that basic polymers and minerals found in natural systems
are weak indeed. The first question within this scientific discipline arises then: ;What conditions

increase strength on this kind of biological systems? Nowadays we know that limited strength in




synthetic materials is a result of the ambient temperature, aqueous environment processing as well
as a strong absence of primarily elements such as C, N, Ca, O, Si, and P. In addition, biological
organisms are organized in terms of composition and structure, containing both, inorganic and
organic components in complex arranges. They are hierarchically organized at nano, micro and meso
levels. Material science is being renewed and situated at the confluence of chemistry, physics and
biology. From this approach, biological systems are classified in the following areas of research and

activity:

» Biological Materials: these are the materials and systems encountered in nature.

> Bioinspired (or biomimicked) Materials: approaches to synthesizing materials inspired
on biological systems.

> Biomaterials: these are materials specifically designed for optimum compatibility with
biological systems (e.g., implants).

» Functional Biomaterials and Devices. Applied devices, conformed by biomaterials,

which are devoted for medical and pharmaceutical practice.

Particularly, the study of Biological Materials and systems intends, ultimately:

a) To provide the tools for the development of Bioinspired Materials. This field, also called
biomimetics [5], is increasing attention and is one of the new frontiers in materials
research.

b) To enhance our understanding of the interaction of synthetic materials and biological
structures with the goal of enabling the introduction of new and complex systems in the
human body, leading eventually to organ supplementation and substitution. These are

the so-called biomaterials.




Hierarchical organization of structure

All materials are hierarchically structured since the changes in dimensional scale bring
different mechanisms of deformation and damage. In Biological Materials the hierarchical
organization depends on the design while, in synthetic materials, there is often a disciplinary
separation based on tradition between materials (material engineers) and structures (mechanical
engineers). We can find this hierarchical organization in many complex structures such as bone,

abalone shell, crab exoskeleton, to mention a few.

In bone for example, the building block of the organic component is the collagen, which is a
triple helix with diameter of approximately 1.5 nm. Collagen is a rather stiff and hard protein. It is a
basic structural material for soft and hard bodies, it is the main load carrying component of blood
vessels, tendons, bone, muscle, etc. In bone, these molecules are intercalated with the mineral phase
(hydroxyapatite, a calcium phosphate) forming fibrils that, on their turn, curl into helicoids of
alternating directions. These, the osteons, are the basic building blocks of bones. The hydroxyapatite
crystals are platelets with a diameter of approximately 70-100 nm and thickness of ~ 1 nm. The
volume fraction distribution between organic and mineral phase is about 60/40, making bone

unquestionably a complex hierarchically structured biological composite [6].
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Multifunctionality and self-healing

Most biological materials are multifunctional [4]; they accumulate functions such as:

>

>

YV V Y V¥V

Bone: structural support for body plus blood cell formation.

Chitin-based exoskeleton in arthropods: attachment for muscles, environmental
protection, water barrier.

Sea spicules: light transmission plus structural.

Tree trunks and roots: structural support and anchoring plus nutrient transport.
Mammalian skin: temperature regulation plus environmental protection.

Insect antennas: they are mechanically strong and can self-repair. They detect
chemical and thermal information from the environment and can change their shape

and orientation.

Another main difference of biological systems, in contrast with current synthetic systems, is

their self-healing ability. Most structures can repair themselves, after undergoing trauma or injury.

Exceptions like teeth and cartilage do not possess any significant vascularity, limiting its nature to
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exchange damaged tissue and get nutrients. It is also true that brains cannot self-repair; however,

other parts of the brain can take up the lost functions [6].

A good Biological Material representative

As it can be seen, Biological Materials are complex to be analyzed from only one approach
and the extent and complexity of the subject will require time enough of global research effort to be
elucidated. In this thesis we study surface mechanical behavior of cortical bone due to it well
represents a complex Biological Material where structures with different dimensions at organic and
inorganic phases, make it worth of study under different conditions. Works concerning the
mechanical properties of bone have been carried out in several areas, such as clinical [7], engineering
(material science) [8], physics [9] and mathematical models [10]. We use a noninvasive technique
which expresses qualitative and quantitative information. The resulting data aim at getting a better
understanding about the microstructural variations of the bone and how its composition and structure

rule its behavior.

1.2 Non-destructive optical techniques

From a technical point of view, the non-destructive testing (NDT) techniques are defined as
analytical procedures used in science and industry to evaluate the properties for a material,
component or system without causing damage to them [11]. Particularly, optical NDT technologies
present higher detection accuracy and sensitivity, accessible signal processing, non-invasiveness, and
resistance to electromagnetic interference [12]. In the field of interferometric techniques, the
integration of new sensors and lasers creates a new group of optical NDT systems based on speckle.
Speckle is the minimum spatial unit of interference that a coherent light source can produce on a

particular vision element, due to the scattering of light over or through the sample. The possibility to
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track or correlate speckle in time or space makes it possible to measure changes in the surface sample
in the range of microns with a very high sensitivity [13]. In order to retrieve the speckle information
coming from the sample, several methods were adapted to basic interferometry; however, NDT
techniques which appeared with speckle produced by lasers, are considered as fundamental as they
are employed to solve a variety of problems in structural mechanics for industry and science [14].
These methods are Laser Speckle Correlation (LSC), Electronic Speckle Pattern Interferometry
(ESPI), and Digital Holographic Interferometry (DHI), which are widely applied in the
characterization of several materials under specific conditions to perform structure displacements
associated to its external and internal deformations [15-17]. The effectiveness of these techniques is
not only limited to homogeneous, but also, to so-called composite materials, where two or more
single materials are combined in different structural geometries and with different proportions to
generate a different mechanical property that otherwise could not be achieve separately [18-20].
Some composite materials present non-linear and non-isotropic mechanical responses; thus,
maintaining same experimental conditions for testing, do not guarantee total repeatability in their
structural deformations. Many alternative techniques have tried to deal with the issue of predictable
models for mechanical response on composite materials; such as Finite Element Models (FEM) or
the Virtual Fields Method (VFM) [21]. In FEM and VFM, the primary goal consists on modeling
iteratively a set of force functions based on experimental results. These functions act within the
material geometry and the one that is closer to the real deformations solves the model. The main
limitation of these alternative methods lies in the so-called “boundary conditions”. For a real model,
it is necessary to know the traction forces along the sample. This fact is only measured in practice,
so, the final results perform an approximation that not necessary will predict non-linarites on
composite materials [21-23]. This non-linear and anisotropic nature increases and becomes hard to
be characterized by using alternative techniques like FEM and VFM for biologic composite

materials. The high sensitivity of samples (in-vivo or ex-vivo) reacts rapidly to external stimulus and
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consequently the parameters that regulate their mechanical properties could change in real time [24].
It is on this field where optical NDT techniques are especially reliable for measuring mechanical
properties in samples that behave in this manner. The non-contact and non-invasive nature of NDT
techniques help to evaluate mechanical properties in composite biomaterials with any alteration
provoked by them. Specially, from the NDT based on speckle techniques, DHI performance does not
require any movable element within its interferometric hardware; only two images are needed to
calculate the full-field displacement information; thus, real time DHI systems are ideal in fast

mechanical evaluation, particularly when the behavior of the sample is not repeatable [25-27].

1.3 Bone structure. An efficient composite material

As it is mentioned before, the bone is a composite material formed by three primary
constituent elements: (1) fibrillary type 1 collagen (35 to 45% of the volume), (2) mineral linking of
calcium phosphate in the form of semi-crystalline hydroxyapatite (35 to 45% of the volume), and (3)
water (15 to 25% of the volume). This complex biphasic constitution (organic and inorganic
structures) results into an extremely efficient biomaterial if lightness and resistance of it are
compared to other materials; so, structurally, the bone is understood as an intelligent material that
gives support to the human body at the time that protects its vital organs [28-29]. But the role of bone
in humans goes far beyond. From its metabolic functionalization, the bone performs as a reservoir of
main minerals, such as phosphor and calcium that depending on the demand, are delivered gradually
through the blood system. The Long bone red marrow is responsible of blood cell formation and the
yellow marrow acts directly on the homeostasis process. Finally, the bone is considered as an
endocrine organ since its production of osteocytes and osteoblasts helps the kidney and pancreas to
regulate the abortion and secretion process of several substances such as osteoclastine and insulin
among others [30-31]. All these properties make the bone an interesting material, work of study for

many research groups in different areas of science since biologic and medical, to engineering and
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physics. Along this work, a wide study on cortical bone structures is presented based on surface
displacement analysis under different conditions. In all cases, bone tissues were observed by means
of a DHI system designed specifically for the mechanical tests. The corresponding results are

included in chapter Il and IV.

In the first stage of the thesis we focus on the traumatological treatment of bone’s fracture
process and the structural dynamics that medical healing procedures involve. Bone fractures could
be produced by an excessive, repetitive, or sudden load. A regular medical practice to heal it is to fix
it in two possible ways: external immobilization, using a ferule, or an internal fixation, using a
prosthetic device commonly attached to the bone by means of surgical screws. In the corresponding
experimental work of this section, cortical porcine bones were treated for medical drilling procedure
in order to compare them to their corresponding healthy group when compressive load was applied.
The results are presented as pseudo 3D mesh displacement maps for comparisons in the physiological
as well as overcharge range of load. A particular relationship between compression load and bone

volume loss due to the drilling is analyzed.

In the second stage of the work, we studied the anisotropic nature of the bone structure and
how it is related to the bone strength and its composition. Bone strength is a complex property
determined mainly by three factors: quantity, quality and turnover of the bone itself [32]. Most of the
patients who experience fractures due to fragility could never develop affectations related to bone
mass density (i.e. osteoporosis). The effect of secondary bone strength affectations is analyzed by
simulating the degradation of one or more principal components (organic and inorganic) while they
are inspected with DHI. A strong correlation among the hydroxyapatite, collagen and water is found
and mechanically is evidenced that mineral density is not only the main determinant in bone strength

as it is now clinically accepted.
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Il. THEORICAL FRAMEWORK

2.1  Anisotropy and Material Science

Derived from Greek isos “equal” and tropos “way”, isotropy property means uniformity in
all directions, and precise definitions will always depend on the subject area; for example, in
radiometry, isotropic radiations concerns phenomena that involves the same intensity of light
regardless of the direction of measurement; particularly at Material Science in the study of mechanical
properties, isotropic means having identical property for all directions. Metals and glass are examples
of isotropic materials. Isotropic materials are easy to shape, and its behavior are easier to predict. On
the other hand, anisotropic materials can be adaptable to the forces that an object is expected to
experience, and they do not behave equally for the different directions, so they are harder to predict.
Examples of artificial anisotropic materials are laminated steel, whose anisotropy is induced by the
lamination process, and composite materials, where the union of an isotropic matrix and aligned fibers
or tissues gives a final material that is macroscopically anisotropic. At a larger scale, some structures
can be modeled as anisotropic shells or membranes. Also structures and materials created by Nature
can be anisotropic, like pack ice, leaves, wood and bones, where the matter is organized along
preferential directions (e.g. along the vertical one) for biological reasons [33]. Particularly, the
complexity of cortical bone also arises from its hierarchical structural organization as it was
mentioned before. The anisotropy may be partly due to the highly anisotropic structure of mineralized
collagen fibrils (see section 1.1). The fibrils are found as bundles or aligned arrays, and these can be
arranged in a variety of different patterns, resulting in different mechanical properties in all three
orthogonal directions. Although the patterns of lamellae are still a matter of discussion, many

researchers have indicated that cortical bone has orthotropic material properties [34].
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2.2 DHI fundamentals

2.2.1 Holography beginnings

At the ends of the forties, in the nineteenth century, the optical “wavefront reconstruction”
method was discovered by the Hungarian Physicist Dennis Gabor (1900-1979, UK). Gabor showed
a novel two-step, lensless imaging process which we now know as holography. He proved that when
a coherent reference wave is simultaneously overlapped with the light diffracted by or scattered from
an object it is possible to record the relative information of both waves such as the amplitude and the
phase no matters that the recording media responds only to the light intensity. This means that from
an interference pattern recorded on a 2D element, a 3D-image of the original object can be obtained.
This is why Gabor named this wavefront reconstruction method as Holography, which origins from
the greek word-composition Holos-total, and Gramma-register; that is to say, “record of a whole”.
In the beginnings this imagine technigue had poor interest, but with technological developments such
as the Laser and more sensitive sensors, the 1960s witnessed deep improvements that extended its

applicability. Finally, Dennis Gabor received the Nobel prize in physics (1971) for his discovery.

2.2.2 Interferometry. A solution for the wavefront reconstruction “problem™

The primary goal in holography consists on recording and reconstructing both, the amplitude
and the phase of an optical wave coming from a coherently illuminated object. In principle, all
recording media are only sensitive to light intensity, thus, it is necessary to find a way to convert
phase information to intensity variations for recording purposes. The solution for this problem is
given by the interferometry phenomena; that is, a second wavefront mutually coherent with the first
and of known amplitude and phase, is added to the unknown wavefront. The intensity of the sum of

two complex fields then depends on both, the amplitude and phase of the unknown field.
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object wave object wave recording medium

Fig.11.1. Interferometric recording (transmittance configuration)

A practical model for electromagnetic waves description can be stated by means of the

temporal and spatial dependence of its electric intensity vector E. The simplest form corresponds to

a plane wave linearly polarized. If a wave of this type propagates in z direction, its three components

of E can be written as:

E,=0
E, = Acos(wt — kz) (1.2)
E,=0

where A corresponds to the amplitude of the wave, w to its angular frequency, and k to its wave

number; and they are primary defined as:

w = 2mv (n.2)
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k=2" (11.3)

And, for these expressions, v is known as temporal frequency and A as the wavelength of light.
Visible light frequency oscillates in the order of 101°[Hz] and A ranks from 0.38 to 0.76 um. Light
wave also possess a phase velocity described by v = % , Which depends on the propagation medium.
The maximum value for this quantity occurs in the vacuum and its constant value is ¢ =
3 x 108 [m/s]. The wave expressed in Eq. (11.1) is classified as plane wave because in any temporal
and spatial point, E,, presents the same value for all the points placed in a normal plane to the
propagation direction. This wave is also named as linearly polarized due to its constant oscillation

along y axis. In a general view, k vector points the propagation direction of the electromagnetic wave

. . 2 .
and its magnitude k corresponds to 7" ; as consequence, in a plane wave, E presents the same

intensity value for all the points in a normal plane to k [35].

Let’s consider # = xi + yj + zk as the position vector of any point into a plane that an observer is
looking at. Considering the general form of wave propagation in Eq. 11.1 and from Fig. 11.2 where
the plane wave linearly polarized travels in k direction, the electric intensity vector for the observer

can be described as:

E,=0
E,, = Acos(wt — k. 7) (1.4)
E, =0

18



A 4

Fig. 11.2. Linearly polarized plane wave propagation for k vector direction

Optical detectors are not able to respond to 10> [Hz], the frequency value of electromagnetic
field oscillation of light. Instead of that, they detect the temporal mean of the light intensity

oscillations through its surface; then they are sensitive to irradiance I.

This quantity can be defined in terms of its electric intensity vector such as:

I = ev(E?) (11.5)

where ¢ is the electric permittivity of the medium where light is traveling in, and v is the propagation

velocity. So, as it can be seen, I behaves proportional to the temporal mean of E2, and then, for

computing, the ev constant is commonly omitted.
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Once these quantities have been described, it is necessary to begin with an interference analysis.

Let’s suppose two different waves that superpose each other with electrical vector intensities E; and

E, which oscillate at the same frequency and both are linearly polarized. Given that E = E; + E, ,

then:

I = (E?) = (EZ) + (E?) + 2(E,.E,) (11.6)

and for the scalar development:

E; = A; cos(wt — kq.1) (I.7)

E, = A, cos(wt — k.7 + @) (1.8)

where @ corresponds to a constant relative phase between both waves. Combining equations 11.6 to

11.8 and applying the mean value, the interference intensity is commonly written as:

I=1L+1,+2I;I,cosd (1.9)
where:
I, = A? (11.10)
I, = A3 (11.11)
and:
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6 =k2.T'-k1.T'—(D (“12)

Thus, in any place of the path that both waves travel, the spatial length between them is a
constant magnitude determined by &. Equation (11.9) is frequently identified as the general model of
interference, which shows that the irradiance of the interference varies around a background value

(I; + 1) and the interference phenomena is in fact modulated by a cosine function that delivers a
minimum intensity value I =1, +1, —2,/I;1, at all the points where & = 2n+ 1)m, and a

maximum intensity value I =1, + I, + 2\/11_12 at all the points where § = (2n)m, provided n isin
the integer domain. Finally, the outcoming fringe pattern helps to measure the spatial distribution of
the optical phase difference between both waves; and as it was explained, it can be recorded by
exposing a photographic film to the light scattered by a diffuse plane, or such as it occurs at the

current work, by recording in a digital sensor. [35]

2.1.3  Spatial Coherence.

At this point of the manuscript, it has been defined the interference phenomena which relates
interference irradiance patterns that helps to reconstructing both, the amplitude and the phase of an
optical wave coming from a coherently illuminated object. Now is then necessary to explain what

“coherently illuminated object” means.

In chapter I it was stated that “speckle is the minimum spatial unit of interference that a
coherent light source can produce on a particular vision element, due to scattering of coherent light
spread over or through a sample”. Numerically, when an object is illuminated by a light source, each
object point on the surface represents an element that generates an amplitude impulse response in the

image plane. If the phase amplitudes of the light at a particular object point vary randomly with time,
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then the overall phase amplitudes of the impulse response will vary in a corresponding manner. Then,
the statistical relationships between the phase amplitudes at those points on the object will influence
the statistical relationships between the corresponding impulse responses in the image plane. These
statistical relationships will greatly affect the result of the time-averaging operation that yields the
final image intensity distribution. That’s why, in terms of interferometry, we classify light in two
groups depending on illumination type. In the first group, we consider object illumination with the
particular property that the phase amplitudes of the field at all object points vary coordinately respect
to time. Although any two object points may have different relative phases, their absolute phases are
varying respect to time in a perfectly correlated form. Such illumination is called spatially coherent
and it is the type of light that interferometry uses. In the second group, we consider object
illumination with the property that phase amplitudes at all points on the object are varying in totally
uncorrelated manner. Such illumination is called spatially incoherent. Coherent illumination is
obtained whenever light appears to originate from a single point and due to its coordinated emission.
The most common example of a source of such light is a laser, although more conventional sources
(eg. zirconium arc lamps) can yield coherent light (of weaker brightness than a laser), if their output
is first passed through a pinhole. Incoherent light is obtained from diffuse or extended sources, for

example gas discharges and the sun [35-36].

Speckle phenomena occurs whenever coherent light fall on a rough optical surface, which
means that the amplitude of surface irregularities is in the order of the wavelength (1) of the incident

light, inducing a light scatter in all directions as can be seen at figure 11.3; [24], [37].
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Fig. 11.3 Coherent scattered light over a rough surface.

Scattered light provokes mutual interference of many wavefronts individually dispersed,
giving rise to interference patterns that are conformed by dark and brilliant points named speckle.
These shiny spots are distributed randomly along the tridimensional space where the wave fronts

cross each other. Figure 11.4 shows a typical speckle pattern.

23



Fig. 11.4. Typical speckle pattern observed on a screen

2.3 Hologram recording in DHI

Nowadays, hologram recording is made by using digital vision sensors, typically, based on
Coupled Charge Devices (CCD) or Complementary Metal-Oxide-Semiconductor (CMOS)
technologies. Digital image information is stored for quantitative analysis by mean of computer
systems. The method for quantitative phase determination that holography commonly uses is the
Fourier Transform evaluation, which maps the irradiance energy in terms of frequency obtained from

interference patterns.

A digital camera is an electronic device that captures images information in terms of electric
charge and is configured to record a scanning line or a surface area from transmitted or reflected light
in contact with an object. Any camera that is selected for hologram recording must be able to solve
the resulting interference pattern when the reference and object wave are combined over the sensor
area [38]. The maximum spatial frequency f,q fOr correct hologram recording is determined by a

maximum angle 6,,,,, between both wave fronts according to the next equation:
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2 . Omax
fmax = lel’lT (“13)

In practice, this frequency is also calculated in terms of the distance between two consecutive

pixels Ax on the sensor:

fmax = A% (11.14)

Equation (I1.14) clearly expresses that the maximum interference frequency in the
interference pattern requires two digital sampling units (pixels) to be solved, which is the equivalent
to Nyquist theorem for electronic comunication theory. By combining equations (11.13) and (11.14),

Onax 1S €Xpressed as:

A

A A
Hmax = 2sin™?! (m) = A (“15)

where the aproximation is accepted to small angles (in practice, less than 10 degrees) [37]. The
spectral range for camera sensors is selected to satisfy the experimental requirements, but a general
purpose based-silice devices typically offers a monochromatic functional range between 400 and
1000 nm with a common dynamic range of 8 bits (256 intensity levels) which is far away from
originary photographic film resolution, but enough for hologram intensities recording. See figure

1.7.

25



1.0

el I 3 Ly

0:7 / \

0.6 / \—\

0:5 \

04 \
¥ L7

0.1

Relative Spectral Response

0 T T T T T
400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 11.5. Normalized spectral response of a typical monochrome CCD. Image taken from
www.edmundoptics.com

2.4 DHI system and displacement measurement

Figure 11.6 shows a typical configuration used in DHI, where a laser beam is divided in the
object and reference beam by means of a beam splitter BS and then passed through the spatial filters
SF1 and SF2. The object under study is then illuminated by the object beam and the dispersed light
coming from the object is collected by mean of a lens L with an aperture A in front of it. By using a
beam combiner BC, the reference and the object light are superposed over the CCD camera sensor.
The interferogram images that result by this process are digitalized and recorded by the camera and
then, saved in a local memory for subsequent processing. A worth mention fact is that during the
interferogram acquisition process it is necessary to provide the system with stable mechanics, in that,
any external vibration can cause considerable differences between object and reference optical path
length. These differences give rise to possible decorrelated phase interferograms that limit any object
displacement analysis. With the aim to avoid this “mechanical noise” it is recommended to place the

optical setup over an isolated optics table which minimizes the vibration effect.
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Fig 1.6 Typical DHI configuration.

DHI technigue uses the double exposure method for obtaining fringe patterns related to
quantitative displacements over the surface of the deformed object. The method uses two consecutive
images (holograms) of the object which correspond to different sample states; one image is acquired
before and the second image after that a deformation is applied. As each hologram consist of the
superposition of the reference and object beams over the sensor [39], the total pattern interference

intensity is expressed as:

16, y) = R(x,y) + 0(x, )I? (1.16)

where R and O express the complex amplitude wavefronts for reference and object beams

respectively. Their instantaneous punctual amplitude depends on the location over its rectangular-

coordinate plane XY as follows.
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0(x,y) = o(x,y)exp [ip(x,y)] (1.17)

R(x,y) = r(x,y)exp [-2mi(fix + f,¥)] (11.18)

From equations 11.17 and 11.18, while ¢ (x, y)is the optical phase for the light dispersed from

the object surface, 2rf,x and 27f,y represent the optical phase for the respective directions x and

y expressed in terms of their linear spatial frequency f for the reference wavefront. By substituting

11.17 and 11.18 equations in 11.16, it is possible to express:

I(x,y) = a(x,y) + c(x,y)exp|2mi(fyx + f,¥)] + ¢ (x, y)exp[—2mi(fx + f,¥v)] (11.19)

which represents the hologram intensity where the energy distribution for the interference

phenomena has scattered for real ¢ and conjugated complex c* interference orders [40].
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Fig. 11.7 Hologram Intensity distribution map for its linear frequencies fx and fy. The simulation shows the real ¢ term in
the (-fx ,+fy) quadrant, the conjugated complex c* term in the (fx ,-fy) quadrant, and the zero order of interference
in Eq. 11.19 at the center.

The complex amplitude wavefront a(x, y) conforms the backlight in the hologram intensity
and, c(x,y) and c*(x, y), the modulation of this intensity pattern; all of them, expressed in terms of
the object and reference beams amplitudes o(x,y) and r(x,y), respectively, as it is shown by

equations 11.20 and 11.21.

a(x,y) = 0%(x,y) + r%(x,y) (11.20)

c(x,y) = o(x,y)r(x,y)explip(x,y)] (11.21)

In order to determine the change in the optical phase information due to deformations in the

object, a Fourier Transform algorithm processing is applied to the hologram intensity, corresponding

to the reference state of the object in the form of Eq. 11.19; [41]. Once this interference pattern is
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expressed in spatial frequency domain, it is filtered from the DC term a(x, y) and from the complex
conjugated c*(x, y) wavefront. This is possible since c(x, y) and c*(x, y) contain the same absolute
spectral information. The remaining term c(x, y) is then calculated for the spatial domain applying
the Inverse Fast-Fourier Transform algorithm (IFFT). At this point, its spatial distribution can be

expressed as follows:

Imfc(xy)] (11.22)

@(x,y) = arctan Re[c(x,y)]

Afterwards, once the stimulus has been applied to the sample, the whole process is repeated
for the intensity pattern associated to the deformed state in the object, and then, it is possible to obtain

the corresponding optical phase ¢'(x, y).

The relative optical phase concerning to the external deformation is then calculated by
subtraction of the reference optical phase ¢ (x, y) from the deformed optical phase ¢'(x, y). Hence,
for any corresponding pair reference-deformation of the optical phase distribution, it is possible to

express:

Ap(x,y) =9 — ¢ (11.23)

The relative phase difference Agp(x, y) is obtained as a wrapped phase map, which contains
the deformation information codified within a range of —m to m values, (black and white,
respectively) as it solves a tangent function in 11.22. This phase map is unwrapped using a numerical

algorithm that stitches the discontinuity jumps from —m to 7 to obtain a smooth optical phase map,
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which is then converted into a displacement map d when it is related to the sensitivity vector s

defined by the geometry of the interferometric array as 11.24 shows [42]:

o(y) ==(d-5) (11.24)

In the particular case of the out of plane deformation sensitivity, 11.24 reduces to:

px,y) = 277[ (1 + cosO)w (11.25)

where A is the laser’s illumination wavelength, 6 is the angle between the illumination and the
observation directions, and w is the perpendicular to the object’s surface displacement component.

The latter is valid when small angles 8 are used (normally less than 10°) [37], [41], [43].
2.5 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a technique which is used to obtain an
infrared spectrum of absorption, emission, photoconductivity or Raman-scattering of solid, liquid or
gas. This technique collects data in a wide spectral range. Specifically, Infrared (IR) radiation
wavelength is divided into:

e Near (NIR: 10,000 — 4,000 cm-1)
e Middle (MIR: 4,000 — 200 cm-1)
e Far (FIR: 200 — 10 cm-1)

Its potential relies in that each of different material is a unique combination of atoms, then

no two compounds produce the exact IR spectrum. This fact results in a positive identification
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(qualitative analysis) for every different kind of material. In addition, the intensity of the signal
detection in the spectrum represents a direct indication of the amount of material present, fact that
combined with modern algorithms have boosted IR spectroscopy as an excellent tool for quantitative
analysis.

There are three basic spectrometer components in an FTIR system: radiation source,
interferometer and detector.

All the manufacturers use a heated ceramic source which is more often water-cooled. The
composition of the ceramic and the method of heating vary but the aim is the same, the production
of a heat emitter that is able to operate at high temperatures as possible while the life of the instrument
is preserved. Heated objects emit at all FT-IR wavelengths and this emission increases with
temperature.

The interferometer divides radiant beams, generates an optical path difference between them,
and after one of the beams passes through the sample, recombines them in order to produce repetitive
interference signals measured as a function of optical path difference by the detector (controlled
spectrum). As its name implies, this interferometer produces interference signals, which contain
infrared spectral information of the sample. This is what helps us to identify unknown materials;
determine the quality or consistency of a sample and it is also possible to determine the number of
components in a mixture.

Most detectors in FT-IR systems act as photo resistors due to the fact that they have a very
high resistance in the dark and this falls as light falls on them. The most sensitive are the Ge and
InGaAs semi-conductor devices. In the dark, they can have resistance magnitudes as high as 3x108.
Measuring resistance at these high values and doing so rapidly requires the use high quality
electronics if spurious signal (noise) is not permitted on detected signal. All semi-conductor detectors
show absorption bands, then they will ignore radiation longer than a characteristic wavelength.

Cooling detectors invariably reduce the amount of noise they develop.
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Some of the major advantages of FT-IR over the dispersive technigues (i.e. grating
monochromator technique) include:

Speed: In that all the frequencies are measured simultaneously, most measurements by
FT-IR are made in a matter of seconds rather than several minutes. This is also known as the
Felgett advantage.

Sensitivity: Sensitivity is strongly improved with FT-IR for many reasons. The detectors
employed are very sensitive, the optical throughput is much higher which results in much
lower noise levels, and the fast scans make possible to include several scan loops to reduce
the random measurement noise to any desired level.

Mechanical Simplicity: A unique mirror in the interferometer is the only continuously
Moving part in the instrument; then, there is very little possibility of mechanical breakdown.
Internally Calibrated: These instruments employ a He-Ne laser as an internal wavelength
calibration standard. These advantages, along with several others, make measurements made
by FT-IR extremely accurate and reproducible. Thus, it is a very reliable technique for

positive identification of virtually any sample [44].
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1.  DHI SET-UP FOR SURFACE STRUCTURAL DAMAGE

EVALUATION IN CORTICAL BONE DUE TO MEDICAL

DRILLING.

3.1 Introduction

A bone is fractured if its continuity is broken, but it can heal itself producing new bone cells
and blood vessels in and around the fracture. Basically, two approaches treat a fracture: the
conventional and the direct form. In conventional treatment the immobilization process is from the
outside. This is a viable option in minor injuries where no surgery is required, but in a major trauma
the limitation of this technique is the complication to optimally align, from the outside, all the bone
parts that results in long healing times. This alignment issue is not present in the direct approach
where the bone’s fixation is made internally using immobilization screws, wires, and plates. This
technique implies removal of the bone’s material by drilling to fix the prosthetic device with screws
[45]. When the drilling process is performed, the bone’s temperature should not rise beyond a safety
threshold to avoid a localized necrosis (irreversible death of the bone’s cells) [46]. When this
threshold is overcome, and a necrosis is generated, the result it’s a poor screw fixation. The latter
results in a slow bone healing time because physiological forces acting on the fixation demand a high
stability of the prosthetic device and then the new bone formation cannot be reinforced adequately
[47]. In addition, the bone drilling presents structural resistance and large vibrations, making it
difficult to grip the hand piece, or in extreme cases, breaking the drill bit [48-49]. To ensure the
fixation of the screw’s threads, the person performing the procedure must grip the bone to enclose
the drilled hole, but possible necrosis causes breakdown of the bone (crystalized dead tissue) around

the implantation site leading to the loosening or misalignment of the fixation [45]. In some cases, it
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is necessary to use a wider drill bit to compensate the lack of grip with the loss of bone material that

this involves.

3.2 Drilled femoral bone preparation

To analyze how the cortical drilling process affects the surface’s structural response of a
large bone, a study in porcine femoral bones with and without the presence of cortical drillings is
performed. An out of plane sensitive digital holographic interferometer is used to retrieve the optical
phase during a controlled compression test. This configuration is selected because it shows sensitivity
in the perpendicular to the bone’s surface axis (z), where the immobilization screws may show the
largest movement/release. The test simulates physiological and overload compressions in the range
of 30 to 400 Ibs. All the analyzed bones were taken from the porcine strain Landrace. They are less
than 24 hours post-mortem samples from healthy non-drilled femurs from the back leg of male
animals (for human consumption) with a weight rank between 195 and 205 Ibs and five months old.
The separated femora were submerged in soft chlorine water solution (1%) for about 120 min. This
was useful to clean out the muscles and connective tissues using a scalpel to get a whiter bone surface
and avoid damage on it (such as in the case of concentrated acid solutions). All tests were carried out
at room temperature within a period of 15 min. Surface structural response comparisons among
several bones with a different number of cortical drillings are presented as full-field high-resolution

displacement maps retrieved from the optical phase.

For this study it is important to remember, as it was mentioned in the previous sections, that
digital holographic interferometry is not only a noninvasive and a noncontact technique with a high
sensitivity and resolution; but it is also a technique that does not need any moving elements within
the interferometer’s arrangement to retrieve the optical phase. The resulting qualitative and

quantitative information gathered with this system, such as displacement behavior and magnitude for
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physiologic and overload compressions, will complement those studies on bones that use techniques
such as micro-indentation, CT scan, and ultrasound [50-53]. The resulting data aim at getting a better

understanding about the microstructural variations of the bone when it is subjected to this procedure.

For this case of study where the surface response is investigated in a large bone, an acceptable
model for a human bone could be found in a porcine one. This comparison is based in previous
studies where chemical and structural characterizations are reported [54-55]. The bone has a
viscoelastic behavior that responds differently according to the speed and magnitude of the applied
load. This tissue supports high loads when they are applied in a short time; however, if these loads
are applied slowly, the bone breaks in low-load magnitudes [55]. The sample selected for this
analysis is a femoral bone in which the response of the diaphysis is of particular interest (refer to Fig.
[11.1). The structural response on the diaphysis’s surface comprises all the internal movements of the
cortical bone as well as the absorbing influence of the cancellous bone. To avoid this non-controllable
absorption response (nonlinear factor), the bone is sectioned to test only the diaphysis by cutting the
proximal and the distal epiphyses (red-dotted line in Fig. 111.1). Furthermore, the femoral diaphysis
is large enough to drill holes with a separation of 12 mm between them (a common length used in
medical procedures) and is a regular surface, allowing it to be positioned at exactly the same

reference location during the different compression tests.
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Fig. 111.1 Schematic of femoral bone samples and the epiphyses structures

3.3  Experimental procedure

The employed technique is the optical noncontact and noninvasive DHI, which is described
further in chapter Il. The optical setup is shown in Fig. I11.2 where the illumination source is a laser
at 532 nm with a maximum output power of 10 W. The laser is divided using an 80:20 non-polarizing
beam splitter (BS) and two single-mode optical fibers into the reference (OF1) and object beams
(OF2). The BS helps to bring most of the laser beam over the bone’s surface with an illumination
angle of 5° with respect to the observation axis z. The backscattered light from the bone is collected
and focused on the camera sensor by means of a lens (L) with 100 mm of focal length and a
rectangular aperture (A) in front of it. A high-speed CMOS camera (PCO Dimax HD+) with 1920 x
1440 pixels at 12 bits, and working at 1000 fps, is used to acquire and record the interference pattern
that is overlapped on its sensor by means of a 50:50 beam combiner (BC) in front of the camera. The

field of view (FOV) of the optical system is 150 x 100 mm.
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Fig. I11.2. Schematic DHI optical system for Surface Structural Damage Evaluation in Cortical Bone.

As it was mentioned, the proximal and distal epiphysis in Fig. I11.1 are eliminated from the
sample because they conform the spongy part of the bone and thus make it impossible to have
repetitive tests due their nonlinear response. Worth noting is that it is useless cutting only one post-
mortem bone since it is not possible to perform several compression tests on it. (The bone’s recovery
mechanism is no longer available in this condition in that its structure reaches the deformation stress-
strain point in their mechanical deformation behavior) [55]. For this purpose, several bones are
prepared under the same conditions (<24 h post-mortem) to compress only one at a time and have
the same test conditions. The femoral bones were prepared as described in section 3.2; the cutting
and grinding was done with care to have parallel faces during the compression tests. These bone
faces adequately match the flat supports to connect the load cell and the moving part of the
mechanical press to be able to transmit the compression axially through the bone. The average length
and weight for the bones were 90 mm and 55 g, respectively. The compression value is read by means

of a load cell attached in series with the bone, as it is shown in Fig. I11.3.
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Fig. 111.3. Mechanical press and load cell used to apply and read compression bone loads, respectively.

This cell helps to establish a preload value where each compression test will start, and it also registers
the compression values reached. During the bone’s compression, the load cell readings are stored in
a computer while simultaneously the high-speed CMOS camera is recording image holograms at 1000
fps. A real-time homemade algorithm quantifies the A@(x,y) map in Eq. (11.24) to sense the
deformation presence (fringe pattern appearance) and matches each load cell value with its
corresponding image in the continuous load application (the compression never stops during the
image acquisition). This phase map is then unwrapped using a commercially available unwrapping
algorithm (Pv_spua2 by Phase Vision Ltd.) that, as it was mentioned in chapter I, basically stitches
the discontinuity jumps at —7 and & to obtain a smooth optical phase map, which is converted into a
displacement map (w) with the aid of Eq. (11.19). Initially, a non-drilled bone is compressed with an

axial load.

A compressive physiologic pre-charge of 30 Ibs was set before each test is performed. The
bone’s preparation, the pre-charge value, and the fact that the load cell has a centered button for
sensing, are factors that made it possible to avoid a rigid body motion in the measurements. This was
proved by recording images during long periods without compression and observing the absence of

fringe patterns (that otherwise would be present due to the changes in the object deformation. The
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preload value was selected under the assumption of the average load range for the femoral porcine
bone (see section 3.2), which is >30 Ibs. Two holograms are required to calculate the optical phase
for a particular compression value. The first is the corresponding hologram for the load of interest
while the second has an increment of 5 Ibs in load; i.e., for a compression of 50 Ibs, the holograms
for the 50 and 55 Ib compressions are used. This load increment has the purpose to observe the
surface deformation for that load value of interest, but has the same load increment (Al) to compare
among samples. Figure 111.4 shows the compression values to be analyzed (30, 50, 100, 200, and 400
Ibs) in a common experimental compression load curve and their corresponding Al. Also important
to mention is that the frame rate selected for acquiring the holograms (1000 fps) avoids loss of
information during the continuous compression load test. The latter would be represented as

uncorrelated fringes after calculation of the optical phase.
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Fig. 111.4. Compression values to be analyzed (green markers for 30, 50, 100, 200, and 400 Ibs) and their
corresponding load increment (deformation load) AlI=5 lbs during the continuous compression tests.
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3.4  Non-drilled bone compression test and results.

To test the repeatability of the optical system among several samples, in this section no
perforations are present over the bone’s surfaces. This displacement information will be used as a
reference to compare to the response of the cortical drilled bones. Several samples were compressed
and analyzed in the same way, and Fig. I11.5 shows the results for three different bones (left, center,
and right column) at the five compression values of interest. In this figure the x, y, and z axes represent
the length, height, and displacement, respectively (this labeling does apply to similar figures along
this manuscript). From this comparison, it is possible to observe a remarkable difference between
physiological loads (up to 50 Ibs) and the overloads (from 100 Ibs upward). The displacement
observed has negative values, i.e., goes into the negative z direction, in the first two rows of Fig.
I11.5. However, these magnitudes are different in all the cases, a feature not related to the
repetitiveness of the test but to the viscoelastic nature of the bone, and therefore, to its anisotropy
due to its composite structure. This same behavior appears at 100, 200, and 400 Ibs (third, fourth,
and fifth row of Fig. 111.5). Even when they show a strong trend to deform in the same direction, the
magnitudes are different for each row. The bone does not show a complete isotropic response, and
this is observed for any of these three samples; i.e., the bone, to a lesser extent, is still anisotropic.
As can be seen between 50 and 100 Ibs of compression, displacement direction is inverted due to the
anisotropic response of the bone, and once it reaches a maximum displacement, about 2 um when
100 Ibs are applied, a decrease in the magnitude may be observed at 200 and 400 Ibs (from 2t0 0.5
um approximately). At this point, the viscoelastic nature of the bone is still manifested, but if the
compression load continues to increase, microfractures will appear over its surface, leaving the bone
unable to go back to its original dimensions. This fact indicates, in terms of the load deformation
material curve [55] that the sample has left its elastic zone to enter its plastic one. As this work

pursues the analysis of bones under regular loads in the process of healing, all the following
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compression tests will be performed well within the elastic region of the bone, from 30 to 405 Ibs.
The bone under these controlled conditions shows a regular response where the cortical bone has no

damage.
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Fig. 111.5. Displacement map comparison for three different non-drilled bones. Each column represents a different
bone, and each row reflects the compression value of interest at (a)—(c) 30 Ibs, (d)—(f) 50 Ibs, (g)—(i) 100 Ibs, (j)—(I) 200 Ibs,
and (m)—(o) 400 Ibs.

43



3.5  Drilled bone compression test and results.

The same preload value of 30 Ibs is applied when different bones are drilled with a drill bit
of 4.5 mm in diameter (regular surgical diameter). Each bone is drilled with one, two, three, four,
five, or six cortical perforations, and three bones are used for each perforation value, resulting in 18
samples to be analyzed. In the case of three, four, five, and six perforations, consecutive holes are
separated by 12 mm on the same side of the sample, as Figs. 111.6 and I11.7 depict. These drilling
conditions were taken from commercially available common locked compressive plates. For the case
of two cortical perforations (samples named as 2C), the bone is drilled on opposite sides of the bone’s
surface, leaving one-hole side to side (Fig. 111.7(b)). Similarly, four and six cortical perforations
(named as 4C and 6C in Figs. 111.7(d) and 11.7(f)) have two and three holes on either side,
respectively. The number of bones to be analyzed is reduced for simplicity because pretest results
with one, two, three, four, five, or six cortical drills show that the odd number of drilling, in the
unobserved side of the bone, does not modify representatively the observed optical phase with respect
to previous pair numbers on the same unobserved side, as Fig. 111.7 exemplifies. Very similar surface
displacement is obtained with two and three drillings (Figs. 111.7(b) and I11.7(c) respectively), and
the same occurs between four and five cortical drillings. For this reason, the tests are performed and
presented with two, four, and six cortical drillings (2C, 4C, and 6C), respectively. The observation
side is shown in Fig. I11.2; where the side of the bone is seen by the lens aperture system and imaged

on the camera sensor.
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Fig.111.6. Schematic view as example for a four-cortical drilling (red axes). The drillings are performed
perpendicular to the bone’s longitudinal direction (blue axis)

P P e I i

v
(d) e) ()

Fig.l11.7. Schematic view of pretests for (a) one, (b) two, (c) three, (d) four, (e) five, and (f) six cortical
drillings, where the observation side is indicated.

In Fig. 111.8, the surface displacements from nine different bones are presented. These
samples were drilled using a 4.5 mm drill bit diameter and compressed from 30 to 35 Ibs to observe
how the displacement’s profile changes at the same load due to the loss of bone volume in a

physiological load region.

45



[mm] 0.0 [mm) 0.0

- W

oum dpodx »

[pm]

[mm]

(d)

- w

[um]
W nobd o
° = O
o non &

[1zm]

o &

[mm]

Fig. I11.8. Displacement maps comparison for nine different samples with (a)—(c) 2C, (d)—(f) 4C, and (g)—(i) 6C,
all at 30 Ibs.

As the number of drillings grows, the displacement magnitudes reach higher values due to
the re-arrangement of the bone; this shows how the bone’s volume loss makes the response of the
bone under the compression load more complex, which represents a weakening in the bone structure,
a feature also observed at 50 Ibs in Fig. 111.9. These displacement magnitudes are much less consistent
compared to those of the nondrilled bones (Fig. I11.5). The bone’s surface displacements do not tend

to occur in the same direction, and the maximum displacement magnitudes are increased (along the

positive and negative z axis).
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Fig. 111.9. Displacement profile for three bones with (a) 2C, (b) 4C, and (c) 6C at 50 Ibs.

To complete the overload designed region, a test using nine bones with 2C, 4C, and 6C at
100, 200, and 400 Ibs is performed. The representative retrieved surface displacement maps by three
different samples are shown in Fig. 111.10. The 2C drilling results in this figure show a similar
response as those observed in Figs. 111.8 and 111.9 while 6C drillings show a magnitude reduction
when the compression reaches 400 Ibs. An opposite behavior is observed with 4C drillings where the
displacement magnitude is increasing with the compression. Then there should be a relationship
between the anisotropy of the bone and the number of drillings or loss bone volume that makes it

less viscoelastic at high compression values.
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Fig.111.10. Retrieved displacement maps for three bones with 2C, 4C, and 6C at (a)—(c) 100 Ibs, (d)—(f) 200 Ibs,

and (g)—(i) 400 Ibs. Each column represents a different bone.

To have a wider comparison, a similar analysis is performed on new bone samples with 2C,
4C, and 6C, but this time they are all drilled with a drill bit of 6.5 mm in diameter (also a surgical
screw diameter). Results for 50, 100, 200, and 400 Ibs of compression are presented in Fig. 111.11.
From this figure, it is possible to observe a high surface displacement at low compression values
(Figs. 111.11(a), 111.11(b), and 111.11(c)) where the anisotropic nature of the bone is present. The
maximum displacement magnitudes at 50 Ibs are greater than those registered in Fig. 111.9, with the
drill bit of 4.5 mm (4 um compared to 3 pum). At higher compression loads the bone’s surface

displacement is smaller than their corresponding value at 4.5 mm (Fig. I111.10). Comparing Figs. I11.9,
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111.10, and 111.11, notice that lower compression values and fewer drillings create higher surface
displacements while higher compression values and more drillings result in smaller surface
displacements. The latter is a particular behavior for a composite material with viscoelastic properties
such as the bone. The bone’s volume loss increases the stiffness of the bone and decreases its
rearrangement capability for creating small displacements with higher strain concentrations. This
creates a more fragile structure that cannot modify itself during a compression, and microfractures

start to take place until a large fracture appears.
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In Fig. 111.12 a central profile comparison is presented for 6C bones with 4.5 and 6.5 mm
drillings, and the average profile of the non-drilled bones at 200 Ibs. This comparison shows how the
bone loses its capability to deform at high compression values when the diameter of the holes is
increased. The profile of 6C with 6.5 mm shows a break near the edge of the first cortical drill (orange
circle in Fig. 111.12), indicating the beginning of microfractures around the hole, which in turn, lead

to the loosening or misalignment of the prosthetic fixation.
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Fig. 111.12. Profile comparison at 200 lbs and 6C drillings with drill bits of 4.5 and 6.5 mm compared to
the nondrilled average profile. Discontinuities in the red and blue profiles represent the space due to the
drilling
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IV. HOLOGRAPHIC INTERFEROMETRIC SYSTEM FOR STUDY
OF CORTICAL BONE QUALITY AFFECTATIONS AND THEIR

STRENGTH IMPACT.

In the previous chapter it was found, in terms of surface displacements, a particular
relationship between the volume of the cortical bone structure and the quantity of load that the sample
undergoes. The latter can be stated as: “For low load and more bone volume, the bone structure is
more deformable. Less bone volume and more load limit the deformable range of the bone structure”;
which is an amazing property attributable indeed to the particular composite of cortical bone structure
and contrary to simple materials when more volume absence increase the range of deformations that
they undergo. The present chapter aims to unveil the dynamics in bone strength when its composition

is altered in a controllable way and how this condition affects healthy bone conditions.

4.1. Introduction.

According to the American Association of Clinical Endocrinologists (AACE), osteoporosis
is defined as a condition characterized by a low bone mass. Under this affectation, the micro
architectural deterioration of the bone tissue leads to bone fragility and increases the probability to
suffer a fracture [56]. As it was mentioned previously, the bone structure is biphasic, meaning that
there is an organic matrix and an inorganic mineral component in it. The three primary constituent
elements of the bone are: (1) fibrillary type 1 collagen (35 to 45% of the volume), (2) mineral linking
of calcium-phosphate (35 to 45% of the volume) in the form of semi-crystalline hydroxyapatite, and
(3) water (15 to 25% of the volume) [28-29]. As a person ages, his/her bone's susceptibility to fracture

increases, however, it has been shown that there is no change in the bone’s mineralization with aging,
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but bone becomes less tough without a direct answer for the question, what elements in bone change
then? [57]. The aging effect and the bone’s risk to fracture are therefore related to the organic phase
and to the inorganic part. The property of the bone to resist fractures is known as strength [58],
recently described as a complex concept determined by the integration of three factors: quantity,
quality and turnover of the bone [32]. The quantity is generally related to bone density, mineral and
collagen content, although common clinical procedures focus just on the mineral amount. The bone
quality depends on the structural and material properties of the bone. The structural properties include
its geometry (size and shape) and microarchitecture. The material properties include the organization
and composition of the mineral and collagen components of the extracellular matrix [32]. On the
other hand, the bone turnover is related to a metabolic response which allows a continuous renewal
of the tissue by means of a resorption and formation processes. The balance between resorption and
formation helps the bone to remove fatigue damage and replace it with new bone that reinforces its
integrity. Since an imbalance between the resorption and formation results either in a loss or gain of
bone, the turnover process affects the bone quantity and the bone quality, and as consequence, affects

the bone strength [32], [58].

The bone mineral density (BMD) is a clinical rating based on the dual energy X-ray
absorptiometry technique (DXA) which obtains relative values of the bone quantity. A common
practice is to express the BMD in terms of the so-called T-score. The latter reports the number of
standard deviations for a patient’s BMD value compared to a reference BMD value for a healthy 30-
year-old adult of the same gender and similar ethnic group [59-60]. Even though the BMD value is
used for medical practitioners to assess the risk of fracture, it has been found that less than 50% of
the whole bone strength is attributable to its variations [61-63]. As a matter of fact, the majority of
patients who experience fragility fractures have a BMD T-score above -2.5. If we consider that a

normal bone density is above -1.0 and osteoporosis is below -2.5, those patients are medically
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diagnosed with osteopenia (low bone density); it means that although their bones reveal a BMD loss,
they could never develop osteoporosis [64-66]. Another argument deals with the hip fracture
probability which is five times greater at the age of 80 than at the age of 50 in women with a T-score
of -2.5, [66]. This means that hip fractures in elderly population are produced by many factors which

are not necessarily correlated to the mineral bone mass loss caused by osteoporosis.

Furthermore, BMD value is limited to diagnose the secondary causes (conditions besides
osteoporosis) of bone loss and to assess the response to a therapy. Then, the other two determinants
of the bone strength: quality and turnover, should be included when assessing fracture risk in each
individual rather than just the BMD score alone [67]. As a consequence, howadays 0steoporosis
disease has been re-defined as “a skeletal disorder characterized by compromised bone strength
leading to an increased risk of fracture” [68]. This definition implies that understanding the bone

strength may be the key to better understand the fracture risks [58].

In this chapter the effects of secondary affectations to the bone structure strength are analyzed
in terms of its surface displacements. The objective of this study is to use an optical non-destructive
technique to retrieve high resolution full-field information of the bone samples in order to estimate
the impact of different affectations in their mechanical response (strength). This optical non-
destructive testing (NDT) called digital holographic interferometry (DHI) is applied in ex-vivo
samples [13], [69] in order to gain new knowledge to eventually complement diagnoses related to
bone strength evaluation beyond those obtained by BMD score. The study includes structural
affectations to the bone obtained by degrading one or more of their principal components:
hydroxyapatite, collagen and water. The cortical bone probes are observed with DHI in an out-of-
plane sensitivity set up, while a testing machine applies a controlled compression load. The out-of-

plane sensitivity was selected considering that its magnitude is much greater than the in-plane one in
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cortical bone [69] (the mechanical response of the bone is mostly expressed). This configuration has
the advantage to record the surface deformation information during the entire test (dynamic test)
without the need to remove the samples to analyze them (static test). In addition, the interferometer
registers full-field information over the entire object’s surface, a feature required due the bone’s
anisotropy. A precise characterization of the affectation procedures was carried out before each
compression test was performed. Once characterized, a displacement comparison for each affected

group is presented.

4.1.1 Bone Affectation classification.

There are several conditions and diseases that directly and indirectly affect bone quality
rather than just osteoporosis (secondary affectations) which have been reported [32], [58], [70].
These disorders were categorized considering about 20 different conditions/diseases affecting bone

quality [67] as follows:

Disorders of bone mineral homeostasis.

Bone mineralization is one of the major determinants of the bone quality and it is controlled
by the mineral homeostasis process. Any possible condition that may interfere with the mineral
homeostasis will affect the bone quality (leading to a fragility fracture) [32]. Patients who present an
affectation to the mineral homeostasis are normally supplemented with an adequate calcium and
vitamin D intake since these components are relevant to the bone mineralization [32], [67] however,
their mineral quality could be compromised if their remodeling process is affected by an abnormal

homeostasis process.
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Imbalance of the bone remodeling

Some bone diseases such as osteodystrophy or disuse osteoporosis are caused by a high
turnover state which provokes an increased activity of the osteoclasts [71-73]. As a consequence, the
bone remodeling process is shifted towards the bone resorption, resulting in an imbalance of the bone
turnover that causes fragility fracture. Moreover, if the defect is related to the osteoclast function
such as osteoporosis, this could lead to a lack of bone heterogeneity, micro-damage accumulation

and, consequently, fragility fracture [74-75].

Collagen disorders

Type | collagen makes up approximately 95% of the organic matrix found in the bone. The
collagen helices are crosslinked in between (increasing their strength). At the same time, this
crosslinked collagen pattern forms a structural template for the bone mineralization [76]. This
composition between collagen and mineral gives the bone its remarkable material properties. The
bone strength and stiffness depend heavily on the mineral content [77-79], while the collagen plays
a role in the bone structural integrity giving its tensile strength [80-82]. Usually the bone fails in
tension, but collagen provides the main structural framework to prevent this failure. This is a
paramount reason why a disruption of the collagen structure causes bone fragility (as it happens in

osteogenesis imperfecta).

Drugs affecting bone quality

Some medications can bring a great therapeutic benefit; however, they normally involve
collateral effects. Medications taken for the treatment of arthritis and psychotropic and epileptic
disorders, as well as anticoagulants, antacids, bisphosphonates, corticosteroids, and antineoplastic

drugs, can profoundly affect bone metabolism. In some scenarios (eg, osteoporosis), these effects are
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intended; in others (eg, rickets, osteomalacia secondary to antiepileptic drugs), potentially adverse
side effects of medications on bone may occur. Nonsteroidal anti-inflammatory drugs appear to delay

fracture healing and bone ingrowth, although these effects are reversible. [83-86].

4.2 Method

4.2.1 Bone sample preparation

In order to study the bone strength, cortical bovine bone samples were treated by means of
demineralization [87-89] and air-drying [90-93] protocols, to affect the mineral and organic phases
respectively. These procedures will represent bone quality and quantity affectations as the bone
turnover affectation is caused by affecting one or both of them. It is worth mention that these
protocols are independent from each other, i.e., the demineralization process does not affect the air-
drying process and vice versa. The bovine femur bones were obtained locally with less than 24 hrs
post-mortem and all of them come from male bovine strain Angus, which are regular sized with an
average weight of 1000 kg and bred for human consumption. The slaughter age of the cattle was
approximately 20 months. These cortical bovine femur samples were obtained from the middle
diaphysis by hand saw avoiding the use of electric devices which induce heat. The average mean
transverse section of the diaphysis is 1960 mm?. All these femoral diaphyses were submerged in
spring water for about 90 minutes to easily clean out other tissues by using a scalpel. After that, a
low speed rotating diamond wheel saw was used, the cortical samples were carefully machined to a
prismatic geometry of 5 x 5 x 17 mm as seen in Fig. IV.1. The longest length of the samples (b = 17
mm) was selected to be aligned to the growth direction of the bone. The transverse section (a x a, 5
x 5 mm) of the final samples was selected considering the temporal model for the demineralization

process which acts in a radial form going from the periphery towards the center [89], [94-97].
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Fig IV.1. Schematic of the cortical bovine bone samples machining steps. Opposite faces of the bone samples

are parallel.

It is important to point out that before, during and after the entire machining process, the
samples were kept fresh and wet using a 0.1 M phosphate-buffered saline solution (isotonic substance
to preserve cellular tissues due to its osmolality). Even when the rotating diamond wheel machine
was used, the bone samples were always irrigated with this solution. Once machined, they were

grouped into four groups, shown in Fig. IV.2.
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Fig. IV.2. Bone sample groups to be tested.
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The control group (m + H20) kept its normal mineral and hydration contents. The hydrated
but demineralized group (dm + H20) was divided into two subgroups; one of them was
demineralized for 4 hrs and the other for 6 hrs in order to check the demineralization process effect.
In a similar way, the mineralized but dehydrated group (m-H20) has two subgroups too: one is air-
dried during 24 hrs and the other one during 48 hrs. The fourth group is dedicated to demineralized
and dehydrated samples for 48 hrs (dm-H20) with two demineralization subgroups of 4 and 6 hrs
for control purposes. In order to verify the affectation of collagen, hydroxyapatite and water produced
by the demineralization and air-drying protocols, a total of 24 cortical samples were tested using the

Fourier transform infrared spectroscopy (FTIR) technique as will be shown in section 4.3.1.

4.2.2  Demineralization process

The bone is a composite material hierarchically structured and there are two types of it:
cancellous and cortical. Both types are conformed by type | collagen fibrils containing mineral
(hydroxyapatite) sparsed allong them [77], [97-101]. This organic and inorganic composition
requires treating the bone samples with a demineralization method that affects only the inorganic
mineral component while the organic component is preserved. Bone demineralization studies based
on Hydrochloric Acid (HCI) have shown a geometric dependence among the samples. The HCI
solution penetration distance is a function of the square root of the time employed, giving a control
of the cortical and cancellous bone demineralization while the collagen is preserved [87-88]. The in
vitro demineralization method applied in this work has remarkable characteristics. The rate of
demineralization increases according to the HCI solution concentration and temperature. The bone
demineralization has three stages; in the first one, the constant demineralization rate increases as the
HCI solution demineralizes the peripheral region of the sample. The second stage occurs on a steady
state and the third one at the end of the reaction when the constant rate decreases [89]. In order to

check the demineralization method and its effects on the bone strength, two demineralizing times
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were employed, 4 and 6 hours. Each cortical sample was placed in a 50 ml clinic beaker containing
40 ml of 0.6N HCI at room temperature (21°C). According to the method’s protocol [89], the HCI
solutions were renewed for the samples after 0.5, 1.5 and 3 hours until 4 and 6 hours of
demineralization were reached. The HCI solution parameters (concentration and temperature) were
carefully selected to avoid changes in the final dimensions of the bone. The increase of these
parameters is not recommended for mechanical tests because the bone final structure and dimensions

are deeply compromised.

4.2.3 Dehydration method and its collagen affectation

Removing the water present in the bone by an air-drying method represents a process that
has been previously employed in order to analyze bone structure at different scales [90-91]. Room
temperature and dehydration periods of 24 and 48 hours were applied. Water conforms about 20%
of the bone’s volume and it is a key factor for the mechanical behavior of the bone. It is found
basically in two parts: within the pores and bounded to the matrix where it is responsible for giving
the collagen its ability to give the bone’s ductility or plasticity [90]. Thus, affecting the bound water
level results in a collagen affectation and, as a consequence, the natural structural bone response is
altered. This dehydration method has been employed in different bone samples such as bovine,

porcine, equine, human tibia, femur and humerus [91-93].

4.3. Experimental Procedure.

4.3.1 Fourier transform infrared spectroscopy (FT-IR)validation

At this stage of the study, electromagnetic radiation corresponding to the infrared band (400
to 4000 cm-1) is directed onto the sample. The energy associated with these wavelengths is absorbed

by the bone and converted into molecular vibration energy depending highly on the chemical groups
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present in the sample, thereby demonstrating their chemical structure. Many FT-IR studies have been
made on bone identifying characteristic bands for mineral matrix groupings in hydroxyapatite at 500
- 700 cm-1 and 900 - 1200 cm-1; the organic matrix (collagen) in the 1200 - 1700 cm-1, and also for

bound and pore water molecules in 3427 cm-1 [102-103].

In order to prove qualitatively the effect of bone demineralization and collagen affectation
protocols, a Cary 670 FT-IR system was employed to test cortical samples with the specified
geometry shown in Fig. 1VV.1. The samples were grouped as it was described in section 4.2.1 (Fig.
IV.2) and each of them was transversally sectioned and observed in several points within the
transverse section. The FT-IR spectroscopic system obtains each spectral value with 32 repetitions
per sample and its analysis is necessary to guarantee that samples under compression are
independently affected in the mineral, collagen and water components. Figure V.3 depicts a
comparison among the mean spectral transmittance for samples with 4 and 6 hours of
demineralization (dm + H20) with respect to the control samples (m + H20). In this case, all samples
did not go through an air-drying treatment previous to the FT-IR test. From Fig. V.3 it is possible
to observe signals at the bands of the hydroxyapatite (1010 cm-1), collagen (1600 cm-1) and water
(3427 cm-1) [102-103]. It can be seen that the transmittance percent of the band at 3427 cm-1 for
water is almost the same for 4 and 6 hours, hence it is safe to assume that water content tends to be

the same independently of the demineralization time.
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Fig. IV.3. FT-IR mean transmittance spectra comparison for samples with 4 (blue continuous line) and 6
(red dotted line) hours of demineralization (dm + H20) with respect to the control group (m + H20).

For each spectrum, Table V.1 shows the transmittance percent ratio values between the three
components hydroxyapatite (H), collagen (C) and water (W) for each group. The transmittance ratios
of the hydroxyapatite with respect of the collagen has increased from the control group Ruc = 0.95
to 1.22 and 1.33 for 4 and 6 hours of demineralization respectively (i.e., to obtain Ruc = 0.95 for the
control group it was divided its hydroxyapatite transmittance value of 88.5, by its corresponding
collagen transmittance value of 93 according to information of Fig. 1V.3). This means that in the
bone sample the relative ratio of collagen increases, while the ratio of hydroxyapatite decreases as

result of the bone demineralization and the corresponding ratio is greater when the time is larger.
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Table IV.1. Transmittance ratios Ruc (hydroxyapatite/collagen) Ruw
(hydroxyapatite / water) Rcw (collagen / water) considering the
bands of hydroxyapatite (1010 cm—1), collagen (1600 cm—1) and
water (3427 cm—1) for the control and demineralization process
spectra shown in Fig. 1V.3.

Transmittance ratios

Bone Sample Group Ruc Riuw Rew
m + H20 0.95 0.96 1.01
dm@4h + H20 1.22 1.04 0.85
dm@6h + H20 1.33 1.08 0.81

Similarly, the dehydrated samples (m-H20) are analyzed using the FT-IR technique and Fig.
IV.4 shows their corresponding transmittance spectra. In this case the two subgroups of 24 and 48
hours of dehydration are compared. As in Fig. 1V.3, the transmittance bands of the hydroxyapatite,
collagen and water are observed [102-103]. The transmittance ratios among these bands are shown
in Table IV.2 and it is possible to observe that the relative proportion of collagen is reduced as the
time increases. RHC is reduced from 0.95 of the control group to 0.90 and 0.89 for 24 and 48 hours
of air-drying respectively. Analyzing further these ratios, it can be observed that the content of water
has been reduced drastically as RHW from the control group was 0.96 and it is reduced to 0.88 for
both 24 and 48 hours (see Table 1V.2). Since there is no difference between the two air-dried samples,

for convenience the samples at 48 hours are used in the compression tests.
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Fig.IV.4. FT-IR mean transmittance spectra comparison for samples with 24(blue continuous line) and
48(red dotted line) hours of air-drying (m-H20) with respect to the control group (m + H20).

Table IV.2. Transmittance ratios Ruc (hydroxyapatite/collagen) Raw (hydroxyapatite / water)
Rcw (collagen / water) considering the bands of hydroxyapatite (1010 cm-1),
collagen (1600 cm—1) and water (3427 cm—1) for the control and air-drying process
spectra shown in Fig.1V.4.

Transmittance ratios

Bone Sample Group Ruc Ruw Rew
m + H20 0.95 0.96 1.01
m-H20@24h 0.90 0.88 0.98
m-H20@48h 0.89 0.88 0.99

4.3.2 Compression tests

Once the FT-IR spectroscopic signals were analyzed to validate the affectation processes on
the bone samples, the selected groups were compressed in order to register their temporal behavior
during this controlled compression tests. The load values to be compared are 100, 200 and 300 Ibs
because they represent load stages for the samples which include physiological (100 Ibs) and
overload conditions (200 and 300 Ibs). The maximum compression load represents more than 40
times the normal load value considering mean weight and femoral transverse section of the selected

cattle scaled to the area of the machined bone samples (section 4.2.1). The groups tested are: m+H20
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(control), dm@4hrs+H20, dm@4hrs-H20@48hrs and m-H20@48hrs. Figure 1V.5 shows the
average temporal response comparison of several affected samples for each cortical sample group

during a full compression test.

350 T T T T T T T T
300+ i =-H
250 .
7 200 ~ -
=
B
2 150 =
—©—m+H20
100 —8—dm@4hrs+H20
—¥— dm@4hrs-H20@48hrs
- . —— m-H20@48hrs
50 Mt~ |

| 1 | | 1
0 10 20 30 40 50 60 70 80 90
time [s]

Fig. IV.5. Mean temporal response for each cortical sample group with region marker for
100 (green), 200 (yellow) and 300 Ibs (blue).

Considering the control group (m+H20O) as a division parameter, two regions are observed
in Fig. IV.5, one at the top and the other at the bottom. Samples which are air-dried (m-H20@48hrs)
show an opposition to the compression movement and they are located at the bottom region because
more time is needed to reach the final load of 300 Ibs under a linear temporal compressive profile
respect to m+H20. Table 1V.3 shows that this air-dried group has time delays corresponding to 7,
12.2 and 17.5 seconds for loads of 100, 200 and 300 Ibs respectively, as compared to samples with
normal conditions of hydration and mineralization (m+H20). Observing this behavior, it may be
thought that the (m-H20@48hrs) group presents more strength, but in fact as they have lessened
their collagen volume their stiffness increases. In other words, they become more fragile in terms of
the mechanical stress-distension material curve [104]. The latter results in a linear response that may
fail or break suddenly before they experience any permanent deformation (e.g., brittle like a crystal)

[77]. On the other hand, at the top region, groups appear which are treated for demineralization with
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and without air-drying procedure dm@4hrs+H20 and dm@4hrs-H20@48hrs. As the inorganic
mineral structure provides the bones with a mechanical support, the lack of it is clearly observed by
the time required for these samples to reach the final load value which is smaller with respect to m +
H20 (Table IV.3). The opposition against the compression movement is diminished in the
demineralized groups and they start to behave predominantly malleable due to the collagen nature
even when it is also affected, especially in dm@4hrs-H20@48hrs. In terms of the stress-distension
curve, the bones are more flexible and they could be deformed considerably before a failure or break
appears [105]. The latter is not a desirable condition because they lack of any mechanically stable

morphism.

Table IV.3. Temporal comparison among sample groups.

Load Time to reach the selected load value (sec.)

(Ibs) m-H20@48hrs m+ H20  dm@4hrs + H20 dm@4hrs-H20@48hrs
100 27.1 20.1 16 13

200 54.4 42.2 317 26.2

300 87.6 70.1 50.2 44.9

4.3.3 Opto-mechanical system measurement and surface displacements results

The schematic view of the DHI system is shown in Fig. IV. 6 where the illumination source
is a Verdi continuous wave (cw) laser at L = 532 nm. This laser beam is divided using an 80:20 non
polarizing beam splitter (BS), into the reference (OF1) and object (OF2) beams. These beams are
conveyed and delivered by means of single mode optical fibers. The BS helps to bring most of the
laser beam over the bone’s surface with an illumination angle of 5° with respect to the observation
axis z. The backscattered light coming from the bone’s surface is collected and focused on the camera
sensor by means of a lens (L) with 200 mm of focal length and a rectangular aperture (A) in front of

it. A high-speed CMOS camera (PCO Dimax HD+ ) with 1920 x 1440 pixels at 12 bits dynamic
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range (bit-depth), working at 1000 frames per second (fps) is used to acquire and record the
interference pattern coming from the overlapping of the reference and the object beams using a 50:50
beam combiner (BC) placed in front of the camera. The observed area of this optical arrangement is
set to 20 x 20 mm which covers the entire bone sample dimensions. The cortical samples were
prepared as it was described in section 4.2.1 and their flat and parallel faces adequately match the
flat supports of a micro compression testing machine (MCTM) which was specifically designed and
built for optical non-destructive testing. This testing machine gives the opportunity to analyze and

compare the different bone responses in the same experimental load conditions.

Sample --%-
uaesEReRRnT i Load cell

Fig IV. 6 DHI set up for the cortical bone compression tests.

The MCTM compresses each sample axially with a load range which covers from 0 up to
300 Ibs and as it was mentioned previously, the maximum load will represent an overload of up to
40 times with respect to their normal value (overloads in bone are practically considered from about
10 times with respect to their physiological load) [104]. It is important to mention that the MCTM
was previously calibrated under standard compression tests using known material samples
(aluminum 6061) with extension gauges sensors attached to them. The embedded control design of
the MCTM allows a linear compression using a close loop method which is a relevant feature because

it differentiates a non-linear structural response of the bone from the compression signal. The
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compression value is read by means of a load cell fixed at the bottom of the MCTM and helps to set
the same preload value for each compression test. During the compression test the load cell readings
are stored in a computer while simultaneously the high-speed CMOS camera is recording image
holograms at 1000 fps. A homemade algorithm matches each load cell value with its corresponding
image hologram in the continuous load application (the compression never stops during the image
acquisition). The procedure to place each sample before the compression tests starts by placing the
bone probe over the bottom support of the MCTM in front of the optical system. After that, the bone
sample is compressed to a preload value of 30 Ibs which simulates a physiological value. The
machined bone’s parallel faces and the preload value avoid rigid body motion in the measurements.
The latter was proven by recording images during long periods with just the preload compression
and observing the absence of any fringe patterns. As two image holograms are required to calculate
a displacement map, the selected compression load uses the corresponding image hologram as the
deformed one and a Al of -3 Ibs is used to set the reference hologram. As an example, if the
displacement map for 100 Ibs of load is required, the holograms at 97 and 100 Ibs will work as the
reference and deformed holograms respectively. This helps to have the same Al for all the

displacement maps allowing comparisons among the four bone groups.

A comparison of the displacement maps at 100, 200 and 300 Ibs is presented for each one of
the analyzed groups (groups mentioned in section 4.3.2). Figure V.7 shows the comparison between

m+ H20 and dm@4hrs + H20 for each one of the selected compression values.
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Fig. IV.7. Average surface displacement map comparison between m + H20 and dm@4hrs + H20
left and right column respectively, for (a,b) 100 (c,d) 200 and (e,f) 300 Ibs.

From Fig. IV.7 it is possible to notice that well hydrated and mineralized bone samples (m +
H20) have a decreasing magnitude in displacement as the compression load increases. This surface
response is replicated in the hydrated bone samples with a demineralization process of 4 hours.
However, as these samples lost some of their hydroxyapatite, the water protects the natural anisotropy

of the bone by keeping the internal collagen hydrated. The latter is observed with larger displacement
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ranges and a smaller time required to reach the selected loads (see Table I1V.3) if it is compared with
the control group (i.e., Fig. 1V.7 (a) compared with 1V.7 (b)). Figure 8 shows the surface displacement

comparison of the two dehydrated groups: m-H20@48hrs and dm@4hrs-H20@48hrs.
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Fig. IV.8. Average surface displacement map comparison between m-H20@48hrs and dm@4hrs-H20@48hrs left
and right column respectively, for (a,b) 100 (c,d) 200 and (e,f) 300 Ibs.
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The dehydrated groups show higher displacement magnitudes than those observed in Fig.
IV.7. In the case of the average response of the m-H20@48hrs group, the displacement at 100 Ibs is
larger than the one at 300 Ibs. This displacement reduction looks similar to that of the control group,
but in this case the magnitudes are approximately 5 times larger in every case. The average response
of the dm@4hrs-H20@48hrs group, which is affected in mineral, water and collagen, shows
displacement magnitudes opposite to the control group. For this group as the compression load
increases the surface displacement also increases. This indicates that bone’s ability to deal with the
compression load is no longer available. This can also be observed in terms of the time that each of
these two groups consumes to reach the compressive load values. The demineralized groups are
affected by the compression faster than the mineralized samples as Table 1V.3 times indicate. The
collagen is the main element in the dm@4hrs-H20@48hrs group and gives not enough support to

the bone’s structure.

V. SUMMARY AND CONCLUSIONS

DHI conforms the most powerful technique among those based on speckle because it does
not require any moveable element within its hardware besides that only two exposures are needed to
calculate full-field displacements over the sample, fact that makes it ideal in fast mechanical
evaluations, especially when the behavior of the sample is not repeatable such as in composite
materials where non-linear and anisotropic natures do not permit to obtain similar mechanical

responses under the same kind of mechanical excitation.

In this work, a wide study on cortical bone structure is presented based on surface
displacement analysis under different conditions. The study is divided in two sections. The first

section focuses on the characterization of cortical bone surface structure displacements when medical
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drilling is practiced on the samples and a loss of bone volume is provoked. The possibility to observe
these surface displacements in porcine bones (femur) at physiological and overload compression
loads using a high-speed DHI system was demonstrated. A surface displacement comparison for
healthy non-drilled and drilled bones is presented. The comparison among the compression interest
values was possible by setting an incremental overload of 5 Ibs in all the cases as it is shown in fig.
I11.4. In this analysis the non-drilled bone tests are taken as the reference condition for comparison,
as they exhibited good mechanical stability. Owing to the viscoelastic composition of the bone, it
was necessary to analyze the deformation profiles for physiologic (up to 55 Ibs of compression load)
and overload (up to 405 lIbs of compression load) regions separately. A clear difference between the
physiological and overload results was manifested on the tests. For the first case, complex and high-
magnitude patterns are observed, while in overloads, a trend to deform less as load increased is
shown. When overload is reached the complete surface of the bone is saturated with compression
loads and there is no more structural area to re-arrange by itself in order to free loading forces. Even
when non-drilled bones exhibit a trend on the direction they deform, the anisotropic nature is present
for physiologic ranges and to a lesser extent for overload ranges. This anisotropic nature of the bone
is pronounced when bone samples are drilled. Under this condition for physiologic load regions, the
trend to deform in a consistent direction such as it occurs in non-drilled samples is no longer present;
the magnitudes of deformation patterns are increased showing a weakening of the cortical bone
structure and revealing a relationship between compression load and bone volume loss due to the
drilling. This can be assumed as “lower compression values and fewer drillings create higher surface
displacements, while higher compression values and more drillings result in smaller surface
displacements.” It is important not to confuse this behavior with a hardening of the bone structure.
The bone’s volume loss increases the stiffness of the bone and decreases its rearrangement capability
for creating small displacements with higher-strain concentrations. This creates a more fragile

structure, which cannot modify itself during a compression, and microfractures start to take place as
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it is shown in Fig. 111.12 where the direction in which the micro-fractured structure deforms should
have a direct influence in the medical screw holding, giving rise to common screw-loosening
phenomena and making DHI a viable technique to study the conditions that avoid the screw from

loosening during medical procedures of this kind.

In the second section, encouraged by these previous results, an analysis of the strength
secondary affectations (beyond osteoporosis) is made in bovine cortical bone and presented in terms
of compression load tests. Several samples were machined for each one of four groups that emulate
the secondary affectations of bone strength. More than twenty conditions and diseases may affect the
bone’s strength in quantity, quality and turnover, thus, two different protocols were investigated and
designed to degrade, independently, one or more of the bone’s principal components (organic or
inorganic). Demineralization and air-dried protocols were applied to modify the hydroxyapatite and
the collagen-water contents, and they were tested by means of the FT-IR transmittance spectral signal
which is shown in Figs. IV.3 and V.4 respectively. An out of plane DHI system was used to record
image holograms in order to retrieve the optical amplitude and phase that is transformed into the
surface displacement map. This displacement information is used for comparison purposes among
the four bone groups, and indeed to corroborate the mechanical behavior of the bones. The
compression test was performed by means of a Micro Compressive Testing Machine (MCTM)
specifically designed for optical non-destructive testing which simplified the matching with the high-
speed camera recordings. The MCTM applied linear temporal compression steps by using an
embedded control, what permitted to differentiate the non-linear response from the bone samples
respect to the mechanical deformation signal. A compression load range between 30 and 300 Ibs was
selected to start in the physiological range up to an overload of 40 times for the selected cattle. Two
types of analysis are shown for the bone samples: temporal response (Fig. 1V.5) and surface

displacement (Figs. IV.7 and IV.8). In the temporal loading tests two zones are identified with respect
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to the control group if the mineral component is considered as reference. These regions imply the
required time for a bone sample to reach certain compression value, being the dehydrated-
demineralized bones those that reach it faster. The mineralized and air-dried bones showed more
opposition to be compressed because their stiffness is increased but became more susceptible to a
sudden break without permanent deformations before (especially observable in Fig. 1V.8(c)). In this
case they behave like a crystal and the strength is strongly compromised with respect to the control
group. The demineralized bones with compromised organic phases reduced their support capabilities;
in this case the structure becomes more malleable. This is evident by observing the surface
displacement which shows the dominion of the elastic properties in medium and high loads (Figs.

IV.8(d) and IV.8(f) respectively).

An average surface displacement of several samples per group was computed and shown in
Figs. IV.7 and 1VV.8. The mechanical response of the composite structure was better understood based
on this full-field displacement information. The affectation protocols help to separate the mechanical
influence of a missing component in the bone samples. The results obtained proved the theory for a
strong integration existence among the hydroxyapatite, collagen and water, which determines the
bone strength (more than just bone quantity as in the case of osteoporosis). Then, the way in that
strength is modified by removing any of these bone components is shown by the surface variation
that the sample suffers during a compression. This work also showed that DHI is a functional
technique to analyze strength in mechanical ex-vivo biomaterials (bio and composite materials)
where the presence or lack of each one of the essential elements determines the material mechanical
response. Finally, in the results of this work it was observed that hydration is also a relevant factor
that modifies the bone’s mechanical structure to support compression loads, giving a possible answer
for the question ‘why ancient people with normal mineral content in their bones still experience

fractures?
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APPENDIX

Bone sample preparation

As it is mentioned before, we study cortical bone in that it represents a complex Biological
Material where structures with different dimensions at organic and inorganic phases make it an
interesting matter of study under different conditions. At the first part of the work (exposed in
Chapter I11) we analyze how the cortical drilling process affects the surface’s structural response of
a large bone. A study in porcine femoral bones with and without the presence of cortical drillings is
performed. The analyzed bones correspond to porcine strain Landrace. They are less than 24 hour
post-mortem samples from healthy non-drilled femurs from the back leg of male animals with a
weight rank between 195 and 205 Ibs and about five months old. The first step of the bone preparation
begins at the butcher shop. The fresh femur is partially cleaned from muscles and other tissues and
then, cutted with a hand knife to separate their extremes which contain the spongy bone (see Fig.
[11.1). The resulted diaphyses, which are around 90 mm of length, are submerged in soft chlorine
water solution (1%) for about 120 min. This helps to finely clean out the thin muscle and connective
tissues using a scalpel to get a whiter bone surface and at the same time, to avoid damage on it such
as in the case of concentrated acid solutions. As the experiment requires that the bone extremes
adequately match the flat supports that connect a load cell and the moving part of a mechanical press
to transmit the compression axially through the bone (see Fig. 111.3), a low speed grind-mill drilling
machine is used to grind the diaphysis extremes. Some of its outstanding features are listed below

and the corresponding machine is depicted in Fig. Al.

86



YV V V V VY V

Cammac ZX45 Mill Drill

6 Speed 6-1250 rpm

Worktable size: 800mm x 240mm
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Coolant & Worklamp

Fig.A.1. Grind mill drilling machine employed to shape the final bone samples for the experiments.
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The first of the grinding bone steps consists on grip the bone sample vertically over the fixed
press at the worktable’s machine by mean of a couple of curved plates that fix the bone in the xy

plane as it is shown in Fig. A2

Afterwards, a diamond drill bit is coupled to the machine’s rotatory mechanism and the lower
velocity is selected (6 rpm) to minimize the heat generation. The machine is then turned on. The drill
bit approaches in millimetric steps to the bone by means of a lever mechanism especially designed
for it. When the tip of the drill contacts the bone surface, a controlled displacement over the xy plane
is applied to the worktable by using the wheels w1l and w2 (see Fig. Al) in order to grind the
respective bone face along both directions completely. Once the face of the diaphysis has been
grinded totally over the xy plane, the machine is stopped and the bone is turned axially in order to
expose its non-grinded extreme to the rotary mechanism (along z axis in Fig. A2). As the horizontal
plane of the fixed press now supports the first grinded extreme of the bone, it performs a reference

plane that guarantee parallelism between final diaphysis’ extremes for the test.
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Fig. A2. Bone extreme face machined over the xy plane. The horizontal support of the first grinded extreme of
the bone guarantees parallelism between final diaphysis’ extremes for the test.

In the other hand, as some cortical samples must be drilled in order to compare them to the
control group (non-drilled samples), the diaphyses are then placed over a wood platform and then
fixed to it by means of a couple of plastic straps. The platform is placed over the machine”s worktable
and then gripped against its fixed press as it is shown in Fig. A3. Drill bits with 4.5 mm and 6.5 mm
of diameter are coupled (separately) to the rotatory mechanism of the machine and then the drillings
are performed over the cortical bone by applying the lever mechanism (above mentioned) in a

perpendicular manner to the bone’s longitudinal direction. The lower velocity (6 rpm) is still
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employed. The separation among perforations consists of 12 mm of length as the respective

prosthetic devices requires.
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Rotatory
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/
\
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Wood Platform Sample

Fig. A3. Cortical Bone Drilling arrange for 4.5 and 6.5 mm of diameter

It is important to mention that before, during and after the entire machining process, the
samples were kept fresh and wet using a 0.1 M phosphate-buffered saline solution (isotonic substance
to preserve cellular tissues due to its osmolality). Even when the rotating diamond wheel machine
was used, the bone samples were always irrigated with this solution.

At the second part of the work (exposure in Chapter V), in order to study the bone strength,
we analyze cortical bovine bone samples which are treated by means of demineralization and air-

drying protocols to affect the mineral and organic phases respectively.
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Fig. A4. Diaphysis Hand-Cutting. The Diaphysis is divided in four Parts [P1-4]. Each Part is partitioned in
four transversal sections [S1-4], in order to get 16 bone sections to be shaped into the final prismatic samples.

The bovine femur bones were obtained locally at the butcher shop with less than 24 hrs post-
mortem and all of them come from male bovine strain Angus, which are regular sized with an average
weight of 1000 kg and bred for human consumption. The slaughter age of the cattle is approximately
20 months. These cortical bovine femur samples are obtained from the middle diaphysis by hand saw
avoiding the use of electric devices which induce heat. The average mean transverse section of the
diaphysis is 1960 mm?. Each diaphysis is cutted in four parts (P) and then, each part is divided
transversally in four sections (S) in order to prepare the final bone samples as it is shown in Fig. A4.
All these femoral diaphysis sections, which length is around 20 mm, are submerged in spring water
for about 90 minutes to easily clean out other thin tissues by using a scalpel. After that, the low
speed grind-mill drilling machine, which is described above, is used to shape the samples. The
cortical sections were carefully machined to a prismatic geometry of 5 x 5 x 17 mm. The first step
of this procedure consists on directly grip the bone sections over the fixed press into a vertical

direction (z-axis alignment) in order to fix the bone in the xy plane as it is shown in Fig. A5.
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Afterwards, the diamond drill bit is coupled to the rotatory part of the machine and the lower velocity
is selected (6 rpm) to minimize the heat generation. The drill bit is then approached to the superior
extreme face of the bone section in millimetric steps by mean of the lever mechanism and when the
tip of the drill bit contacts the bone surface, a controlled displacement over the xy plane is applied to
the worktable in order to completely grind the respective bone face. When the superior face of the
diaphysis has been grinded totally over the xy plane, the process is paused, and the bone is turned in
order to expose its non-grinded extreme face to the rotatory drilling mechanism. As the horizontal
plane of the fixed press now supports the first grinded extreme of the bone, it performs a reference

plane that guarantees parallelism between final bone section extremes for the test.

Ih\

ﬁﬁa

Extreme face

«

Rotatory
Mechanism

Diamond Drill Bit e ‘

de,

Direct Grip

Fixed Press

Bone Section

Fig. A5. Extreme faces grinding of the bone sections. The samples are aligned to z axis and directly gripped to
the fixed press mechanism.




Once the two faces at the extremes of the sample have been grinded, the process is paused
in order to directly grip the bone sample against the fixed press into a horizontal position (xy plane
alignment) and then to grind the lateral sides of the bone section, see Fig. A6. The machine is turned
on and the drill bit is then approached to the first of the four lateral sides of the bone sample in
millimetric steps by mean of the lever mechanism of the rotating diamond wheel machine; when the
tip of the drill contacts the bone, a controlled displacement over the xy plane is applied to the
worktable in order to grind the respective bone side completely. Once the first lateral side of the
sample has been grinded totally over the xy plane, the process is paused and the bone is turned
horizontally over the xy plane in order to shape the second side of the bone sample by the rotatory
drilling bit mechanism. The process is repeated until complete the prismatic geometry. The longest
length of the samples (b = 17 mm) is selected to be aligned to the growth direction of the bone. The
transverse section (a x a, 5 x 5 mm) of the final samples is selected considering the temporal model

for the demineralization process described in Chapter V.
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Fig. A6. Lateral sides shaping. The bone sections are aligned to xy plane (horizontally) and directly gripped to
the fixed press mechanism.

It is important to point out that before, during and after the entire machining process, the
samples were again kept fresh and wet using a 0.1 M phosphate-buffered saline solution (isotonic
substance to preserve cellular tissues due to its osmolality). Even when the rotating diamond wheel

machine was used, the bone samples were always irrigated with this solution.
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