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High-energy synchrotron X-ray diffraction is used to study in situ elastic strains in hydroxyapatite (HAP)
for bovine femur cortical bone subjected to uniaxial compressive loading. Load-unload tests at room
temperature (27 °C) and body temperature (37 °C) show that the load transfer to the stiff nanosized
HAP platelets from the surrounding compliant protein matrix does not vary significantly (p < 0.05) with
temperature. This emphasizes that the stiffness of bone is controlled by the stiffness of the HAP phase,
which remains unaffected by this change in temperature. Both the extent of hysteresis and the residual

g?r'lvevords" value of internal strains developed in HAP during load-unload cycling from 0 to —100 MPa increase sig-
Synchrotron nificantly (p < 0.05) with the number of loading cycles, indicative of strain energy dissipation and accu-

mulation of permanent deformation. Monotonic loading tests, conducted at body temperature to
determine the spatial variation of properties within the femur, illustrate that the HAP phase carries lower
strain (and thus stresses) at the anterio-medial aspect of the femur than at the anterio-lateral aspect. This
is correlated to higher HAP volume fractions in the former location (p < 0.05). The Young’s modulus of the
bone is also found to correlate with the HAP volume fraction and porosity (p < 0.05). Finally, samples with
a primarily plexiform microstructure are found to be stiffer than those with a primarily Haversian micro-
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structure (p < 0.05).

© 2012 Acta Materialia Inc Published by Elsevier Ltd. All rights reserved.

1. Introduction

Bone is composed of an organic phase (mainly type-I collagen),
a mineral phase (calcium hydroxyapatite, Cag(PO4)3(OH), or HAP)
and water. These basic components are organized and assembled
to form the different hierarchal levels of bone [1]. The HAP phase
in bone is usually non-stoichiometric with 4-6% (by weight) car-
bonate ions substituting for phosphate ions [2,3]. At the macro-
scopic level, bone is of two types: cortical bone (examined in the
present study), which is the dense outer layer of whole bone, and
trabecular bone, which is the inner porous region of whole bone.
At the microscopic level, cortical bone made up of a number of
cylindrical motifs called osteons, each of which contains a central
Haversian canal running through its entire length, and aligned with
the longitudinal direction of bone. The osteons are made up of con-
centric sheets of lamellae, which are made up of collagen fibril
bundles arranged in various configurations, depending on the
structural and functional requirements of the species [1,4]. Water
is located at multiple hierarchical levels—in the triple helical colla-
gen molecules, in the collagen fibril and in fibril gaps—mediating
mineral-organic interactions [1,5-7]. At the nanoscopic level, bone
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is modeled as a composite, with HAP, collagen and water as the
main constituent phases. HAP is observed as platelets with approx-
imate size 50 x 25 x 4 nm, as determined by X-ray diffraction
(XRD) [8,9]. A number of composite models have been proposed
to describe the interaction of these two phases and to study their
contribution to the bulk behavior of bone. One widely accepted
model, which is also used in the present work, suggests that HAP
platelets are present as nanoreinforcements distributed through-
out a matrix of collagen and water [10-13]. Another model re-
ported recently suggests that HAP and collagen are present as
continuous phases and form an interpenetrating composite
[3,14,15]. This structure, if confirmed, would necessitate a different
model, which is beyond the scope of the paper.

Most mechanical tests conducted so far on bone have focused
on the macroscopic-level properties [16-20]. To shed light on the
role of the individual phases in the deformation of bones, stresses
in the HAP and collagen phases at the lowest level of the structural
hierarchy of bone must be measured. Scattering using high-energy,
high-intensity X-rays from synchrotron sources provides elastic
strain information from phases with sizes as small as few nanome-
ters, averaged over volumes as large as a few cubic millimeters
(using a large, unfocused X-ray beam) or as small as a few cubic
micrometers (using a focused beam) [21]. This method has been
used extensively to study load transfer between matrix and
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reinforcement in synthetic composites (e.g., Refs. [21-24]). The
in situ diffraction-based measurement of elastic strains in the
phases of a composite allows a description of load partitioning be-
tween the phases as a function of the applied stress, strain and/or
time for various environments (temperature, irradiation).

Synchrotron XRD has been widely used in the past to study
strains in natural, non-mineralized tissues such as tendon [25-
31], and has been applied only recently to mineralized biological
composites such as bones [8,13,32-43], teeth [44-47] and antler
[41,34]. In situ compression testing has been used in combination
with high-energy synchrotron X-ray scattering in bone in a num-
ber of recent studies [8,32,39,40,42,48]. The internal strains are
quantified at the atomic level (through changes in lattice con-
stants) in the HAP phase by wide-angle X-ray scattering (WAXS)
and at the fibrillar level (through changes in the periodic spacing
of the HAP crystals within the collagen fibrils) by small-angle X-
ray scattering (SAXS). The elastic load partitioning in the HAP
phase and the elasto-plastic strain in collagen fibrils were studied
during monotonic loading of a canine fibula in Refs. [8,32]. Diffrac-
tion measurements have been performed on bovine plexiform
bones to study the load transfer between the woven and the lamel-
lar components of the bone [48]. This technique has also been used
to study the deformation evolution in deer antler trabecular bones,
which revealed the change in the strain distribution with the tra-
beculae orientation and applied stress [34]. A combination of
WAXS, SAXS and macroscopic strains has been used to study the
post-yield mechanics of human cortical bones in compression
[42]. In another recent study, the effect of irradiation dose on the
load-induced strains in HAP and fibrils in bovine bone was deter-
mined, and it was shown that the residual strains in the HAP phase
after unloading decreased with dose as a result of damage at the
HAP-collagen interface [39]. During tensile testing of bone [35-
37], in situ synchrotron XRD showed that the tissue, fibril and
HAP take up successively lower levels of strains at a given stress,
suggesting a gradation of properties at the different hierarchical
levels, where the stiff reinforcement HAP phase at smaller length
scales is embedded in a softer protein matrix phase. Beyond the
yield point of the tissue, the fibrils remain under constant stress
as a result of load transfer by shear from the frictional sliding of
the fibrils and the inter-fibrillar matrix. Finally, in a study on bo-
vine dentin, which is also made up of mineralized collagen fibrils,
the variability of HAP apparent modulus (ratio of applied stress
and HAP elastic strain) was characterized across different locations
in the root dentin [47]. Freeze-thaw cycles were shown to have a
negligible effect on the apparent HAP modulus of bovine dentin
[44].

The apparent modulus is the ratio of the applied stress and
phase strain, and provides a description of the load partitioning be-
tween the component phases of a composite. The Young’s modulus
of HAP is 114 GPa [49,50], whereas that of collagen is 1 GPa [51].
During elastic loading of bone, stresses are expected to be trans-
ferred from the less stiff matrix to the stiffer HAP reinforcement,
resulting in an increase in HAP strains and a concomitant decrease
in the collagen strains compared with the strains developed upon
loading these phases individually. The higher HAP strains result
in an apparent modulus lower than the Young’s modulus, mea-
sured by synchrotron XRD as 38 + 0.5 GPa for canine bone [52],
27.3 £ 2.0 GPa for bovine bone [39] and 26.5 + 7.2 GPa for bovine
dentin [47]. A lower bound estimate of the HAP apparent modulus
can be obtained from the upper bound for strain using a Voigt
model for a HAP-collagen composite. This value is found to be
47 GPa, using volume fractions determined by thermo-gravimetric
analysis and the Young’s moduli of HAP and collagen [39]. This
lower bound is significantly higher than the experimental values
determined above; this discrepancy points to the fact that biolog-
ically derived HAP has a significantly lower Young’s modulus

compared with inorganic HAP and, as shown in Ref. [45], a value
<65 GPa has to be invoked for the Young’s modulus of biologically
derived HAP in order to justify the low experimental values of the
apparent modulus. This low Young’s modulus can be justified by
changes in the HAP platelet composition as a result of carbonate
substitution, a nanocrystallite size and surface adsorption, as dis-
cussed in detail in Ref. [45].

An added complexity in the study of biological materials is the
variability of samples from one location to another. These varia-
tions are introduced during the growth and development of the
bone and may be affected, among other things, by the local
in vivo loads experienced at its location. The variations can be at
the constituent phase level (e.g., different volume fractions)
[53,54], or at a higher level (e.g., porosity, microstructure and ori-
entation) [55-58]. Thus, testing samples from different locations
within bone can lead to high property variability, so that a large
number of samples must be tested to get statistically repeatable
properties. Many researchers have shown that the macroscopic
properties of bone vary along the length as well as across different
quadrants within the human, bovine and mouse femurs [59-65].
There is general agreement that the medial and lateral quadrants
are stiffer than the anterior and posterior quadrants, and that the
mid-diaphyseal region is stiffer than the epiphyses. Also, the
porosity of bone is found to increase from the periosteum to the
endosteum and at varying gradients in bones from different mam-
malian species [53,55,64]. Additionally, studies have shown that
the posterior quadrant of the human femur has a higher porosity
compared with other quadrants [53,61,64,66]. The mechanical
properties of bone also depend on the environment in which test-
ing is conducted. It has been found that bone has lower fracture
toughness at higher temperatures [67], and it is stiffer when tested
in dry conditions [7]. It is thus important to characterize its prop-
erties under correct external conditions: hydrated and at body
temperature.

Here, a quasi-static load/unload scheme (similar to that used in
Refs. [19,68]) is applied to bone samples to investigate the energy
dissipated during hysteresis as a result of permanent deformation
during loading-unloading cycles at room and body temperatures.
The in situ phase strains measured by synchrotron X-ray scattering
during these loading schemes is used in conjunction with informa-
tion obtained from thermogravimetry, ultrasonic speed measure-
ments and microscopy, to characterize and understand both
inter- and intra-sample variability for the first time, between sam-
ples collected from various regions in a bovine cortical bone.

2. Materials and methods
2.1. Materials

Fresh bovine femurs of 18-month-old Black Angus cows, ob-
tained from the Aurora Packing Company (Aurora, IL) ~5 h after
death, were cleaned of their blood, ligament tissues and bone mar-
row. At all times, the bone was maintained in a hydrated condition
to minimize property changes as a result of dehydration [7]. Sam-
ples ~5 mm high (oriented within 0-10° of the long direction of
the bone axis) and ~4 x 3 mm? cross sections were cut with a dia-
mond wafering blade under constant irrigation with water. All the
samples were taken from the mid-diaphyseal region of the hind leg
right femur of a single animal. The dimensions of the cut samples
were measured with a point micrometer, and their weights were
determined in air using a micro-balance, after blotting out the sur-
face water. The ratio of the weight and volume of the samples is ta-
ken to determine the apparent density of all the samples. The
samples were then stored in phosphate-buffered saline (PBS) and
frozen at —20 °C until the time of the diffraction experiment. This
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freeze-thaw treatment has been shown to have no effect on the
measured properties in bovine dentin [44], which is also made
up of collagen fibrils similar to bone.

2.2. X-ray scattering measurements

As reported in previous studies [39,40,44,45,47], uniaxial com-
pression tests were performed on a hydraulic load frame at beam-
line 1-ID of the Advanced Photon Source (Argonne National
Laboratory, Argonne, IL). A schematic of the experimental setup
is shown in Fig. 1. Load was applied parallel to the height of the
sample (and thus along the long axis of the femur, which also coin-
cides with the longitudinal orientation of osteons, as shown in the
inset in Fig. 1), corresponding to the y-axis in the laboratory frame
of reference. A hydration system consisting of vinyl tubing was
filled with PBS, to keep the sample hydrated throughout the exper-
iment. The PBS was circulated through an external temperature
bath with a peristaltic pump, which maintained the sample bath
at room temperature (27 °C, RT) or body temperature (37 °C, BT)
for the experiments, as monitored with a thermocouple. The sam-
ples spent at least 5 min (and often 10 min) between the time they
were immersed in the heated PBS and the time the first XRD data
were collected. A control experiment where temperature was mea-
sured by a thermocouple embedded in the center of a bone sample
(originally at room temperature) immersed in 37 °C PBS indicated
that ~2 min are sufficient to reach thermal equilibrium in the sam-
ple within 1 °C.

As in previous studies [39,40,44,45,47], a parallel beam of
monochromatic X-rays (70keV energy corresponding to a
0.178 A wavelength) with a 50 x 50 pm? cross section was trans-
mitted through the sample perpendicular to the direction of ap-
plied load (i.e., parallel to the z direction, sampling a volume of
0.0075 mm> per measurement), as shown in Fig. 1. Only WAXS
measurements were taken in this study, since the low exposure
times essential to minimize the irradiation dose on the samples re-
sulted in poor SAXS signal from the scattering of the regular spac-
ing between the HAP crystals [39]. The WAXS patterns were
recorded with a GE 41-RT flat panel detector (2048 x 2048 pixels,
200 um? pixel™!) placed at a distance of 1490 mm from the speci-
men. Each sample was first centered using absorption measure-
ments to find the vertical and horizontal centers of the sample.
Measurements were made in two rows of five locations each. The
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measurements in the x direction were separated by a distance of
0.5 mm; two locations each were measured to the left and right
of the locations measured at the horizontal center. In the y direc-
tion, the rows were 0.5 mm above and below the vertical center
of the sample. All ten locations were measured at each load incre-
ment. The samples were exposed to X-rays for 1 s to collect diffrac-
tion data, resulting in an average radiation dose of ~0.3 kGy for
each strain measurement. Such relatively low doses do not affect
the strain measurements, as previously reported [39]. Ceria
(CeO,, NIST Standard Reference Material SRM 674-a) was used as
a reference material to calibrate the WAXS parameters (speci-
men-detector distance, beam center, detector tilts).

Two series of uniaxial compression experiments were per-
formed under load control. The loads were applied within a period
of 1 s and held constant during data acquisition and sample trans-
lation, resulting in a total of 1.5 min at each load. In the first series,
eight samples (four each at 27 and 37 °C, labeled R1-4 and B1-4
respectively) were repeatedly loaded and unloaded with —5 MPa
steps between a minimum stress of 0 MPa and a maximum stress
Gmax» Which was increasing from —30 to —100 MPa in —20 MPa
increments over five consecutive load-unload loops. A total of
ten WAXS patterns were collected at each loading and unloading
level, one for each of the ten locations. The second series of exper-
iments were done at 37 °C, and involved a single load-unload loop
on 19 different samples, taken from different quadrants on a femur
cross section. These samples were loaded in eight steps of —7 MPa
up to a maximum of —60 MPa with WAXS measurements at each
load level over each of the ten locations.

2.3. X-ray scattering data analysis

Longitudinal strains in the mineral HAP phase were determined
from WAXS patterns, as previously described in detail [8,39,
40,44,45,47]. Each WAXS diffraction pattern was converted from
Cartesian to polar coordinates, over the entire 360° detector azi-
muth (1) with an azimuthal bin An = 10°, and the diffraction peak
of interest (hydroxyapatite (00.2) in the present study) was fit to a
pseudo-Voigt function. The resulting peak centers ry,,; were plotted
vs M for different applied stress levels and found to intersect at a
single point, corresponding to the invariant radius (r*) [32]. The
measured radii r,; were then referenced to this invariant radius va-
lue to give the elastic strain €, as a function of orientation as

Beamstop

GE detector
WAXS pattern
HAP (22.2)

Osteon

Fig. 1. Schematic of the setup used to collect synchrotron XRD data on uniaxially loaded bone samples under hydration and temperature control. The inset shows the

orientation of osteons with respect to the loading direction in the sample.
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&y = (" =Tn)/n (1)

The strain profile was fit to a biaxial strain model and used to derive
the strain components along the longitudinal orientation (g,,,
1 =90/270°) [69]. Other strains, in particular the strain in the trans-
verse orientation as a result of the Poisson’s effect (g,, 1 =0, 180°)
can also be determined, but are not reported here. Using this anal-
ysis, the longitudinal strain in the HAP at zero stress (&) is ob-
tained, both before and after deformation. The ratio of the
applied, uniaxial stress o,pp to the longitudinal lattice strain g,
(in the following, the short-hand notation € is used) gives the appar-
ent modulus (E,pp = Capplied/€)- This is calculated by taking a linear
best fit of the loading part of the stress-strain (G.pp Vs €) curve.
Not used for this best-fit slope determination were data points
either at the highest or lowest stresses (one to three such points),
such that at least five data points were used for slope determina-
tion, and the fits produced a maximum value of 12,

The mean HAP (00.2) peak intensity was used to obtain a mea-
sure of mineralization within the diffracting volume. For this pur-
pose, the HAP (00.2) mean peak intensity (integrated over the full
diffraction ring) was normalized with the transmitted intensity,
which takes into account both the diffracted and absorbed inten-
sity, and the sample thickness [70]. This intensity ratio, referred
to as the HAP index, was calculated as an average of the ten loca-
tions measured.

2.4. Ultrasonic stiffness measurements

Ultrasonic sound velocity measurements were performed to
determine the Young’s modulus of the samples, as discussed previ-
ously in Refs. [39,71,72]. The velocity of the ultrasonic pulse was
calculated by determining its time of flight (TOF) through a known
thickness of the sample, which is the entire height of the sample in
this case. This is done with the simplified assumption that the en-
tire sample height consists of the same microstructure or the same
distribution of microstructures. The samples were mechanically
coupled to two 5 MHz transducers with molasses. Pulses were gen-
erated in the longitudinal and shear modes, and directed along the
longitudinal direction of the samples, which corresponds to the
long axis of the femur. The output from the second transducer
was recorded by the Matec software (MUIS-32), and the TOF was
calculated. Three repeat measurements were made in each of the
longitudinal and shear modes to calculate the longitudinal (V)
and shear (V;) velocities, respectively. These were then used along
with the density p (calculated as the ratio of the mass and volume
of the sample, measured as described in Section 2.1) to calculate
the Young’s modulus E and Poisson’s ratio v, according to

Vi = VET —v)/p(1 + V(1 - 2v) (2a)

Ve = VE2p(1+V) (2b)

The above formulae are for calculating the Young's modulus of
an isotropic material, whereas bone is an anisotropic material.
However, for this measurement, bone is assumed to be isotropic
as a simplification. This is justified to some extent because the val-
ues of the longitudinal Young’s modulus determined above are
within 7% of the values obtained with an orthotropic assumption
[73].

2.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed to determine
the volume fractions of the three main phases (HAP, collagen and
water), using a Mettler Toledo instrument calibrated with pure In
and Al. The TGA samples (3-10 mg) were cut from the samples

after the X-ray experiments, approximately from the region sam-
pled by the X-ray beam. They were heated from 25 to 680 °C at a
rate of 10°Cmin~! in air, in accordance with an earlier study
[74]. The TGA curves, showing the sample mass as a function of
temperature, exhibit three distinct regions. The first is a gradual
slope, corresponding to water loss, up to ~205 °C and ending in a
plateau. The plateau then slopes down during the collagen loss
and ends in another plateau at ~545 °C. Heating beyond that tem-
perature results in a further mass loss, owing to decomposition of
the carbonate from the mineral phase. The first derivative of the
mass loss was plotted as a function of temperature to get the start
and end of the phase decompositions. Calculating the difference in
the mass of the sample between two transition temperatures (25,
205 and 545 °C) gives the weight fractions of water, collagen and
HAP. The weight fractions were then converted to volume fractions
using densities of 1 gcm™3 for water, 1.1 g cm~> for collagen and
3.2 gcm~2 for HAP [75].

2.6. Microstructure determination

Cross sections perpendicular to the longitudinal direction of the
sample (in the x-z plane) were prepared from the mechanical test
samples. They were polished using diamond lapping films with grit
sizes 3, 1 and 0.5 pm in decreasing order, and imaged using an
optical microscope with a 60x magnification. Representative
micrographs are shown in Fig. 2. The samples structures span
purely Haversian and purely plexiform structure. They were as-
signed a zero value for a completely plexiform structure and a
unity value for completely Haversian structure. An intermediate
number between zero and unity was assigned for a mixture of
the two structure types, based on visual estimations. The osteons
in the Haversian structure and lamellae in the plexiform structure
are oriented parallel to the y-axis direction (longitudinal direction
of sample) in Fig. 1.

2.7. Statistical analysis

One-way analysis of variance (ANOVA) was performed using
Origin software (OriginLab, Northampton, MA) to test for the sig-
nificance of variations in (i) the apparent HAP modulus and the
hysteresis as a function of the loading cycles and temperature in
the cyclic loading experiments, and (ii) the apparent HAP modulus
as a function of the anatomical location of samples in the repeat-
ability analysis.

3. Results
3.1. Cyclic loading tests

Fig. 3a shows a plot of the applied stress vs HAP lattice strain for
one location of sample R3 (representative of the nine other loca-
tions measured) for the five load-unload cycles. Similar curves
were obtained for R1, R2, R4 and B1-4. The HAP strain magnitudes
increase near linearly with stress, indicating elastic behavior, but
they are greater during unloading than during loading, for a given
applied stress, at all loading cycles for 75% of all the locations mea-
sured in the samples (80 locations measured in all). The only excep-
tions to this hysteretic behavior are the fourth and fifth load-
unload cycles for which, for a given stress, the strain magnitude
during unload is less than that during load for almost half the loca-
tions (40% and 60% for the fourth and fifth cycle, respectively) and
greater than that during load for the other half, in no systematic
order. The loading curve of the fourth cycle shows a significant
deviation from linearity towards more compressive strains at
—70 MPa. The loading curve of the fifth cycle shows a steep increase
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Fig. 2. Optical micrographs of cross section of bovine bone showing (a) plexiform
microstructure with a lamellar unit indicated (microstructure index 0), (b)
Haversian microstructure with a Haversian canal and osteon indicated (micro-
structure index 1) and (c) mixed type microstructures (microstructure index 0.5).

in strains with stress at —70 MPa. The area within each hysteretic
loop (referred to in the following as the hysteresis) was calculated
for individual locations in all the samples. ANOVA showed that
there is no significant difference between the hysteresis of the RT
and BT samples, for a given maximum stress, at p < 0.05. Combining
samples from both temperatures and comparing the hysteresis be-
tween the individual cycles, it was found that the hysteresis in-
creases with increase in cycles, as expected from the increase in
maximum stress, at p < 0.05, the only exception being the hystere-
sis of the fourth cycle, which is not significantly different from the
fifth cycle. The average variation in the total hysteresis (sum of all
the loops) of the ten locations within any single sample is 36%.
The HAP residual strains were found to increase in magnitude
with increase in loading cycles, as reported in Fig. 3b, where repre-
sentative residual strain vs cycle plots are shown for five different
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Fig. 3. (a) Plot of applied stress vs HAP lattice strain at room temperature (sample
R3) showing five load-unload loops (filled and hollow symbols, respectively),
showing hysteresis. Loops 2-5 are each offset along the x axis by 0.1% for clarity. A
best-fit line on the loading segment of the third loop shows the apparent modulus
determination. (b) Plot of the HAP residual strains as a function of loading cycles for
five different samples (filled and hollow symbols are, respectively, for room and
body temperature).

samples. The increase in residual strains is not found to be com-
pletely systematic for all samples, as in samples R1 and R2, where
the strains decrease after the first cycle and increase after subse-
quent cycles. Three samples (R1 and B1 and B4) were fractured
early during the experiment, resulting in their having only three
complete load-unload loops. These samples were eliminated from
the group of samples which had five full load-unload loops, and
compared separately. Neither group showed statistically signifi-
cant difference in the change in residual strain, from the beginning
of the experiment to the end, between the RT and BT samples. The
change in the residual strain varies greatly within a single sample
among the ten locations measured, as well as between samples.
The average increase in the magnitude of the residual strains is
~19% over all the locations for the samples which accumulated five
full load-unload loops.

The HAP apparent modulus was calculated by taking a best-fit
line on the loading segment of the stress—strain curves. Since the
WAXS data were acquired at an exposure of 1s to minimize the
irradiation dose, the intensity count statistics were poor compared
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with most previous studies, and the peak fits (and thus strains) had
large errors in many cases. In calculating the apparent moduli, thus
only those plots were taken for which the best-fit procedure pro-
vided a linear regression coefficient value r?>0.95; this corre-
sponded to 245 apparent moduli out of 370 stress-strain curves.
A histogram of these 245 apparent moduli showed that the lowest
value was a clear outlier, which was thus eliminated. The remain-
ing 244 apparent moduli, with an average value of 24.7 + 10.9 GPa,
were then split into two groups according to the test temperature.
ANOVA showed that no significant difference existed between the
two groups, at a 95% confidence level. The moduli were then com-
pared, based on their cycle numbers. No significant difference
(p <0.05) was found for any pair of subsequent cycles.

3.2. Repeatability study

3.2.1. Spatial variations

Samples obtained from various quadrants of the femur were
monotonically loaded up to —60 MPa, to determine the variability
in the HAP apparent moduli. They are named according to their
location—anterio-medial (AM), anterio-lateral (AL) or posterior-
lateral (PL)—and a number corresponding to the order in which
they were extracted. The E}f}, of the samples in the cyclic loading
study in Section 3.1 (samples R1-R4 and B1-B4) are also included
in this repeatability analysis and renamed according to the afore-
mentioned naming convention. Additionally, seven samples from
a previous study [39] are included here; they were subjected to
3-3800 kGy of irradiation, but can be combined with the present
data, because these levels of irradiation were found to have no
effect on E}f¥, [39]. For those samples with ten measurement loca-
tions (AM1-4, AM7-12, AL1-6, PL1-4 and PL7-9), the measure-
ments along a single column were averaged to get five apparent
moduli per sample. The results of statistical analysis using ANOVA
are shown in Table 1. The samples were first grouped according to
their anterior or posterior location. There was no significant differ-
ence between the anterior and posterior Ej}}, values at p < 0.05 le-
vel. The same samples were then grouped according to their
location on the medial or lateral side of the femur. ANOVA showed
that the E}f}, values at the medial side were significantly greater
than those at the lateral side at p < 0.05. The E;}, values were fur-
ther subdivided into the quadrants AM, AL or PL from which they
were obtained. Pairwise ANOVA of these groups showed that the
moduli in AM were significantly greater than those in AL. Accord-
ing to the microscopy analysis, the samples obtained from the AM
and AL quadrants of the femur had a mixture of Haversian and
plexiform microstructures, whereas the samples taken from the
PL quadrant had primarily plexiform structure.

Table 1
Groups of apparent HAP moduli listed with their mean and standard deviations; p-
values of the statistical comparison using ANOVA between groups are also listed.

Group Mean = std dev. (GPa)
Anterior (Ant) 282+7.7

Posterior (Post) 29.0+4.1

Medial (Med) 29.0+7.4

Lateral (Lat) 263+5.6
Anterio-medial (AM) 290+7.4
Anterio-lateral (AL) 254+6.8
Posterio-lateral (PL) 27.0+4.5
Comparisons p-Value

Ant vs post Ant ~ Post (p =0.55)
Med vs lat Med > Lat (p = 0.02)
AM vs AL AM > AL (p = 0.03)
AM vs PL AM ~ PL (p = 0.14)
AL vs PL AL~ PL (p=0.26)

Depending on the orientation of the sample in the femur cross
section, the X-rays traversed the samples across the thickness of
the femur radially or circumferentially. Since multiple locations
were measured on all the samples, those samples were separated
from the pool, which contained locations measured from the peri-
osteum to the endosteum, to determine the variation in properties
across the femur thickness or radial variation. The E}}}, values were
plotted in order of measurement from the periosteum to endos-
teum, separately for samples obtained from different quadrants.
No systematic and statistically significant trends were found from
the periosteum to the endosteum at p < 0.05 in any of the quad-
rants measured.

Finally, E/f}, values were arranged according to the location
from which they were obtained in the femur cross section and
plotted as a function of angle, with the reference angle being 0°
at the anterior side of the femur and increasing angles in the clock-
wise direction, as shown in the inset in Fig. 4. Young’s modulus E
obtained through ultrasonic measurements is also plotted as a
function of the angle in this figure. Young’s modulus could not be
obtained for the four samples which had been crushed during
mechanical testing (AM1, AL4, AL6 and PL2). Fig. 4 shows that
E}%, remains constant, within error, between 0° and 30°, 120°
and 180° and 270° and 360°, but is lower between 40° and 90°.
There is no information about the posterior-medial region (180-
270°) in this study (indicated by the break in the x-axis in the fig-
ure). The average E;l}, is 27.4 + 4.8 GPa, using all samples studied
here. The average variability between the E}f}, values at the differ-
ent measurement locations in a single sample is ~15%. Young's
moduli E values show a similar trend of lower values in the ante-
rio-lateral region (the two data points between 30° and 120°).
The average E value is 20.5 + 1.5 GPa, using all the samples studied
here.

3.2.2. Correlations

Fig. 5a shows the samples plotted with their E}¥f, in order of
increasing magnitudes, with the corresponding E values; the corre-
sponding HAP volume fractions and the sample apparent densities
are plotted in Fig. 5b. The uncertainties in the volume fractions
were determined by performing repeat TGA measurements on
samples taken from adjacent locations on three mechanical test
samples, and are only indicative, given the sample-to-sample var-
iation. The average volume fractions are 39.8 + 2.8%, 37.5+1.3%
and 22.8 +2.6% for HAP, collagen and water, respectively, evalu-
ated over all the bone samples in this study. A comparison of the
volume fraction of HAP (Vyap) between the AM, AL and PL quad-
rants shows that the AM quadrant has a higher Viap than AL at
p < 0.05. No statistically significant differences exist between Vyap
for other quadrants. Fig. 5¢ shows E;ff, and E values plotted with
their corresponding microstructure indices; the modulus decreases
with increase in the volume fraction of the osteonal content in the
microstructure.

Table 2 lists the correlation coefficients of pairs of variables
along with the type-I error probabilities, resulting in the observed
variability between the samples. Type-I error indicates the proba-
bility (p-value) of getting the correlation coefficients by chance.
The variables studied here are the volume fraction of HAP (Viap),
the volume fraction of collagen (V.. ), the density of the sample,
their Young’s modulus E, the intensity index of HAP and the sample
microstructure, as defined by a zero value for a completely plexi-
form structure and a value of unity for a completely Haversian
structure. At p < 0.05 confidence level, the Eff, exhibits strong po-
sitive correlation with the HAP volume fraction (R = 0.42) and the
HAP intensity index (R=0.47), weak positive correlation with
Young’s modulus (R=0.1) and the density of the sample
(R=0.33), almost no correlation with the collagen volume fraction
(R=-0.07), and weak negative correlation with the sample
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Fig. 4. Plot of the HAP apparent modulus and bone Young's modulus as a function of the sample orientation with respect to the anterior direction. The error bars on HAP
apparent modulus represent standard deviation between the moduli measured at different locations on the sample (n = 3 or 10). The error bars on Young's modulus represent
the standard deviations propagated from three repeat measurements of the time of flight of the ultrasonic pulse. The data points at 40°, 85°, 175°, 275° and 305° are average
of data from two samples and that at 70° is an average of six samples. These samples were radially located with respect to each other on the femur cross section and are
averaged to represent a single point. The inset shows a femur cross section with the angles indicated.

microstructure (R=—-0.33). Young’s modulus, in contrast, is well
correlated with the mineral volume fraction (R = 0.83) and appar-
ent density (R=0.86) and negatively with the collagen volume
fraction (R = —0.83) and the sample microstructure (R=-0.73) at
p <0.05 confidence. The microstructure of the samples is nega-
tively correlated with the apparent density (R=-0.64) at
p <0.05. An increase in the HAP volume fraction results in an in-
crease in the sample apparent density (R=0.96) and a decrease
in the collagen volume fraction (R = —0.47) at p < 0.05 confidence.
The HAP volume fraction also exhibits weak correlation with the
HAP intensity index (R=0.11).

4. Discussion
4.1. Cyclic loading experiments

4.1.1. Hysteresis and apparent modulus

The load-unload curves (Fig. 3a) show that the magnitude of
elastic strain (and thus stress) carried by the HAP phase increases
mostly linearly with the applied stress, as expected for a composite
showing load transfer between elastic phases. The greater HAP
strain magnitude measured during unload suggests that perma-
nent deformation takes place in the matrix collagen phase during
the loading period which is not recovered during unloading. In
other words, all the elastic energy stored in the HAP phase during
the loading cycle is not recovered during the unloading cycle,
resulting in deformation hysteresis. This residual elastic strain
indicates that the collagen deforms during the load-unload cycle,
plastically (and thus permanently), and/or viscoelastically [76,77]
with the possibility of recovery with time [78]. In a recent finding
by Gupta et al. [79], it was shown that the calcium mediated
charged interactions within the extra-fibrillar matrix is the rate-
limiting step for plastic deformation in bone. These interactions
form a plastic “glue” between the fibrils and are sacrificial in

nature [80,81]. Charged interactions are present at the extra-
fibrillar level as well as the intra-fibrillar level, between HAP and
non-collagenous proteins and HAP-collagen, respectively [82]. A
systematic increase in apparent modulus of HAP with cycle num-
ber would be expected if there were any loss in these charged
interactions at the intra-fibrillar level (e.g., delamination at the
HAP-collagen interface), because collagen would transfer less
strain to the HAP platelets for a given applied stress. Such damage
is found to occur during irradiation with high-energy X-rays, and is
suggested to take place as a result of breakage of ion-mediated
bonds between HAP and collagen [39,83]. However, unchanged
moduli with cycle numbers suggest that the damage at the HAP-
collagen interface does not occur or recovers upon unloading.
Fibrillar level yielding has been shown to occur at stresses between
60 and 80 MPa, and is hypothesized to occur as a result of the for-
mation of diffuse microcracks axially along the fibrils [35]. The
deformation and yielding of collagen molecules occurs by stretch-
ing of triple helices, followed by an increase in the gap region and,
ultimately, sliding of neighboring triple helices with respect to
each other [29]. The collagen matrix thus undergoes viscoelastic
or permanent deformation without interfacial delamination, and
results in the HAP unload curve having a greater strain magnitude
than the loading curve, as illustrated for the first four cycles in
Fig. 3a.

Hysteresis has been observed to different extents in the eight
samples studied here, with an average variation of 36% between
the ten locations in any single sample. Variations can arise within
a sample for various reasons, e.g., different degrees of mineraliza-
tion, HAP crystal orientation and porosity. Collagen will undergo
yielding or permanent deformation, depending on the local stiff-
ness of the region being probed. The fourth and fifth loading cycles
show the maximum variability in the position of their unload cy-
cles with respect to the loading cycle, i.e., whether the magnitude
of the strains during unloading are greater or less than that during
loading. This suggests that, during this load cycle where the
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Fig. 5. (a) Plot of the apparent HAP moduli arranged in order of increasing magnitude, along with the associated Young’s modulus. Each data point is obtained from a single
sample. The error bars on HAP apparent modulus represent standard deviation between the moduli measured at different locations on the sample (n = 3 or 10). The error bars
on Young’s modulus represent the standard deviations propagated from three repeat measurements of the time of flight of the ultrasonic pulse. AM, AL and PL indicate
samples obtained from the anterio-medial, anterio-lateral and posterior-lateral locations respectively. (b) Corresponding plot of sample density and HAP volume fractions.
The samples from the load-unload experiments (R1-4 and B1-4) are indicated with stars next to their labels, and the samples from previously published experiments [39] are
indicated with a cross. (c) Plot of apparent HAP and Young’s modulus vs the microstructure index. The dotted lines indicate the correlation between the modulus and

microstructure.

maximum load reaches —90 MPa, the matrix has a greater ten-
dency to yield, and interfacial delamination between HAP and col-
lagen can occur in some cases. Delamination at the HAP-collagen
interface may occur during loading up to stresses as high as
—100 MPa when the interfacial bonds (electrostatic, hydrogen or
Van der Waals type) are broken owing to the shear stresses gener-
ated during load transfer. This would then allow the collagen mol-
ecules to slide at the HAP-collagen interface [27-29,84] and result

in a reduction in stress and strains transferred from the collagen
matrix to the HAP platelets. This is seen when the HAP unload
curve has a lower magnitude of strains than the loading curve at
the same applied stresses as illustrated in the fifth cycles in Fig. 3a.

The area of the load-unload curve or hysteresis shows a statis-
tically significant increase with cycles (p <0.05) up to the fourth
cycle. As the maximum stress in each load/unload loop increases,
the loops not only become taller (owing to the increase in stress),
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Correlation coefficients for pairs of variables examined; type-I error probabilities are indicated by boldface values, which are significant at p < 0.01; boldface and italicized values

significant at 0.01 < p < 0.05, and p > 0.1 for the remaining.

Correlation coefficients EZILPP E Viapr Veoll Apparent density HAP intensity index Microstructure
B, 1

E 0.10 1

Viap 042 0.83 1

Veoll -0.07 -0.83 -047 1

Apparent density 0.33 (>0.05) 0.86 0.96 -048 1

HAP intensity index 0.47 0.03 0.11 —0.02 0.01 1

Microstructure -0.33 -0.73 —0.70 0.74 —0.64 -0.31 1

but also become wider. This suggests that, with increase in cycles,
the degree of viscoelastic or permanent deformation in the colla-
gen phase increases. No significant difference is observed between
the hysteresis of the samples tested at RT and BT, for a given stress.
The effect of temperature has been studied in creep and fracture
toughness tests, where creep rates were found to increase [85]
and fracture toughness was found to decrease [67] with an in-
crease in the testing temperature. This has been suggested to occur
as a result of the weakening of the bonds between the collagen
molecules with increase in temperature thus weakening the mate-
rial. During long-term creep tests (as compared with the present
load/unload tests where the maximum stress is not maintained
for long times), the viscoelastic deformation of the collagen phase
takes place to a greater extent, because the durations for which the
stresses are held constant are sufficient to observe such response.
In those cases, the effect of temperature can be clearly distin-
guished [85]. However, in monotonic loading tests such as those
used in the present study, each stress is held constant for
~1.5 min, during which the measurements are made at all ten
locations. This duration is too short to observe any significant
change in the accumulated viscoelastic strain of collagen, and thus
the hysteresis effect, due to temperature.

Further, the fact that there is no statistically significant differ-
ence between the EYf, values at 27 and 37 °C is not surprising.
The stiffness of the composite is largely determined by the HAP
phase [86,87], where even a small change in the properties (in-
creased compliance with temperature as a result of weakening of
bonds [67]) of the collagen matrix would not significantly change
the load carried by the HAP. The large difference between the
Young’s moduli of the bulk phases of HAP (114 GPa) and collagen
(1 GPa) [10,50] results in an insignificant change in the E/f}, values
as a result of a decrease, even a large one in relative terms, in the
modulus of collagen [39,45].

4.1.2. Residual strains

As shown in Fig. 3b, the residual strain magnitude in the HAP
phase generally increases with the number of cycles (and the peak
stress) for most of the samples tested at all the measurement loca-
tions. Initial residual strains in HAP with a similar sign and magni-
tude have been found in other bone samples, using X-rays
[8,32,88]. These pre-strains can also improve resistance to fracture,
and may develop in response to the loading history of the bone,
which in turn is location dependent [88-91]. The increase in the
compressive residual strain magnitude of HAP during loading/
unloading also suggests accumulation of irrecoverable deformation
in the collagen phase with increase in cycles. As the deformation
proceeds, the collagen phase accumulates greater compressive
plastic strains at zero stress, since on unloading only the elastic
strains are recovered. This results in a net compressive residual
plastic strain on the overall composite, which in turn subjects
the embedded HAP phase to greater compressive elastic strains
upon unloading to zero stress. This behavior is similar to that of

a particulate-reinforced composite, where plastic deformation in
the matrix results in an increase in transfer of stress to the rein-
forcement [92,93]. The lack of change in HAP residual strains with
changing temperature may stem from the short duration for which
the maximum stresses are maintained constant (and during which
viscoelastic strains in the collagen phase are accumulated), pre-
venting clear distinction between the behavior at RT and BT.

4.2. Repeatability study

4.2.1. HAP volume fraction

The apparent HAP moduli Ejff, do not vary significantly be-
tween the anterior and posterior quadrants, whereas the E/f}, val-
ues at the medial quadrant are found to be significantly greater
than those at the lateral quadrants. Within the anterior region,
the anterio-medial showed higher E}¥f, values than in the ante-
rio-lateral region. Taking into consideration the bending moments
experienced in vivo by the animal, the body weight is predomi-
nantly applied to the femoral head, which is on the medial side
of the femur. This produces a greater bending moment in the med-
ial-lateral plane than the anterior-posterior plane, since that mo-
ment is resisted by the knee joint [94,95]. Thus, greater
compressive strains will be produced in the medial than the lateral
side of the femur, depending on the position along the femoral
shaft from the femoral head. To resist the greater compressive
stresses, this region will have greater HAP volume fractions, and
thus lower average HAP strains (eyap) for a given applied stress,
since there are more HAP crystals to share the applied stress (Gapp).
This in turn results in higher Eff, values (given its definition as
Gapp/€nar) as seen here; higher HAP volume fractions also results
in higher Young’s modulus E values. However, the positive correla-
tion between E;ff, and HAP volume fraction is much weaker (yet
significant) than that between E and HAP volume fraction. This dif-
ference arises because the determination of HAP volume fractions
by TGA carries uncertainties that are difficult to quantify, because
the small TGA samples are cut from the larger samples after
mechanical tests, from a region which corresponds only approxi-
mately to the region irradiated by the beam. Thus, the overall sam-
ple modulus E, which accounts for the average sample volume
fraction, shows better correlation with the overall HAP volume
fraction. The expected negative correlation between the E values
and collagen volume fraction suggests that an increase in the frac-
tion of the more compliant collagen phase (which entails a de-
crease in the volume fraction of the stiffer HAP phase) results in
a decrease in the overall sample modulus. The poor correlation be-
tween E[f, and E is also a result of the difference between the
scales of measurement, averaged over a very small volume
(0.0075 mm?) in the first case vs over the whole sample volume
(60 mm?) in the latter case. The intrinsic variability between E{2,
for various locations within a single sample is at an average value
of 15%. Additionally, the lack of a difference between E;f}, of loca-
tions measured radially, from the periosteum to the endosteum,
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could be because the different samples were taken at slightly dif-
ferent distances from the edges of the femur thickness. This would
then average out any variations that might be present.

The HAP intensity index is a measure of the fraction of all HAP
crystals that contribute to the (00.2) peak diffraction intensity. This
index correlates well with E/5,, which takes into account only
those HAP crystals along the loading direction that produce the dif-
fracted intensity. However, the intensity index does not correlate
well with the sample HAP volume fraction, because it does not
contain information about those HAP crystals that are not correctly
oriented for Bragg diffraction. Also, the intensity is evaluated over a
volume (0.0075 mm?) much smaller than that used for the TGA
measurement (2.5 mm?>). This could increase the uncertainty in
the comparison.

4.2.2. Density and microstructure

The apparent density is also found to affect the apparent moduli
of the samples. The apparent density gives an indication of porosity
to some extent only, since it is also affected by the HAP and colla-
gen content in the sample. However, no direct measurement of
porosity was made. The microstructure index (which takes values
between zero for fully plexiform and unity for fully Haversian) is
also negatively correlated with density, implying that Haversian
bone is less dense than plexiform bone as consequence of the low-
er mineral content [96]. Both E and E}f}, values increase with an in-
crease in sample apparent density and decrease with increase in
sample microstructure index (or increase in the Haversian bone
content in the samples). An increase in the HAP volume fraction
and decrease in the collagen volume fraction results in an increase
in the apparent density, as suggested by the positive correlation in
Table 1, since HAP has a greater density than collagen. Thus, the in-
crease in E;ff, and E is as expected.

The osteonal or Haversian type of structure has lamellae units
arranged in concentric cylinders around a central Haversian canal,
which is oriented along the longitudinal direction of bone, which is
also the direction of loading in these experiments (within 0-10°)
[38,75]. The individual lamellae in osteonal bones are arranged in
a spiral fashion with respect to the Haversian canal, with the orien-
tation of the fibrils varying from 0 to 90°, changing in a sequence of
~5-25° [38]. Plexiform structure has units of lamellae predomi-
nantly aligned along the bone longitudinal axis [97]. Thus, there
are more longitudinally oriented HAP crystals within a particular
sampled volume in the plexiform structure than in the Haversian
structure. The presence of more longitudinally oriented HAP crys-
tals will result in lower average strains on the HAP crystals and
higher Eff, values, as seen here. More longitudinally oriented
HAP crystals will also result in greater stiffness in the longitudinal
direction, as seen in the E values [87]. Here too, the bulk measure-
ment (E) over a volume of 60 mm?> exhibits a better correlation
with the apparent density, which is over the same volume, than
E},, which is a local measurement over a much smaller volume
of 0.0075 mm?>. However, there is a chance that the specific region
which the X-ray beam samples has a significantly higher porosity
in certain samples owing to the presence of a large number of void
spaces, such as Haversian canals, lacunae, blood vessels and
resorption spaces or lower HAP content. This would result in lo-
cally higher strains on the HAP crystals and correspondingly lower
apparent moduli.

The results from this experimental study of variations in the
load transfer behavior between samples taken from different loca-
tions in the same bone have shown that E}ff, values are well corre-
lated with the differing HAP volume fraction and apparent density
of the samples, and to some extent by the microstructure of the
sample. Correlation is also found between the Young’s modulus,
which is a bulk measure of stiffness, and all the above factors.
In general, the bulk measurements of Young’s modulus, apparent

density and microstructure, and the smaller-scale (over
~1.5 mm?) measurement of HAP volume fraction were highly cor-
related with each other compared with the much more local mea-
surement (over ~0.0075 mm?>) of the apparent modulus. Further
studies with samples taken from locations along the whole length
of the femur are of interest, as the physiological stresses (and thus
presumably the structure and properties) vary according to posi-
tion with respect to the femoral head and the knee joint.

5. Conclusions

This paper reports an in situ investigation of the compressive
mechanical response of bovine femur, performed by nanoscale
measurements of the HAP elastic strain using synchrotron XRD
and macroscopic measurements of the microstructure, Young'’s
modulus and phase volume fractions in the sample. The main re-
sults are summarized below.

1. A linear relationship between applied stress and elastic HAP
strain holds up to stresses of —70 MPa, and the slope of this plot
during loading—the HAP apparent modulus E;ff,—measures the
extent of load transferred from the collagen matrix to the HAP
phase.

2. Series loading/unloading cycles with increasing maximum
stress from —30 to —100 MPa does not lead to a systematic
change in E;ff, with increasing number of loading cycles, indi-
cating that no permanent damage at the HAP-collagen interface
is produced. Temperature does not affect the load partitioning
behavior between the two phases: the HAP apparent modulus
is not significantly different between 37 °C and 27 °C, indicating
that this property is primarily determined by the HAP phase
whose properties remain unaffected by this change in temper-
ature, despite changes in the collagen matrix, which becomes
more compliant owing to weakening of bonds at a higher
temperature.

3. Hysteresis between the loading and unloading branches of the
applied stress vs elastic strain curves develops with increasing
number of load-unload cycles. A possible explanation is the
sliding of collagen molecules, resulting in irreversible deforma-
tion and strain energy dissipation during the load transfer
between HAP and collagen. Hysteresis is not affected by the
temperature change from 27 °C to 37 °C, showing that the stress
is not applied long enough to induce significant viscoelastic
creep response in the collagen. The residual strains present after
unloading in the HAP phase increase with increase in cycles,
probably owing to the accumulation of plastic strains in the col-
lagen matrix from loading up to high stresses of —100 MPa.

4, Variations in the load transfer behavior among samples taken
from different locations within a femur cross section were
observed, where the apparent HAP modulus was found to be
greater at the anterio-medial end compared with the anterio-
lateral end of the femur. The variations in the apparent HAP
modulus and the Young’s modulus are correlated with signifi-
cant variations in the bone HAP volume fraction, its apparent
density and its microstructure.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1-5, are difficult
to interpret in black and white. The full colour images can be
found in the on-line version, at http://dx.doi.org/10.1016/j.actbio.
2012.03.036.
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