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The mechanical behaviors of different kinds of biological tissues, including muscle tissues,
cortical bones, cancellous bones and skulls, were studied under various loading conditions to
investigate their strain-rate sensitivities and loading-direction dependencies. Specifically, the
compressive mechanical behaviors of porcine muscle were studied at quasi-static (<1/s) and
intermediate (1/s—10%/s) strain rates. Both the compressive and tensile mechanical behaviors of
human muscle were investigated at quasi-static and intermediate strain rates. The effect of strain-
rate and loading-direction on the compressive mechanical behaviors of human frontal skulls, with
its entire sandwich structure intact, were also studied at quasi-static, intermediate and high
(10%/s—10%s) strain rates. The fracture behaviors of porcine cortical bone and cancellous bone
were investigated at both quasi-static (0.01mm/s) and dynamic (~6.1 m/s) loading rates, with the
entire failure process visualized, in real-time, using the phase contrast imaging technique. Research
effort was also focused on studying the dynamic fracture behaviors, in terms of fracture initiation
toughness and crack-growth resistance curve (R-curve), of porcine cortical bone in three loading
directions: in-plane transverse, out-of-plane transverse and in-plane longitudinal. A hydraulic
material testing system (MTS) was used to load all the biological tissues at quasi-static and
intermediate loading rates. Experiments at high loading rates were performed on regular or
modified Kolsky bars. Tomography of bone specimens was also performed to help understand
their microstructures and obtain the basic material properties before mechanical characterizations.
Experimental results found that both porcine muscle and human muscle exhibited non-linear and
strain-rate dependent mechanical behaviors in the range from quasi-static (102/s—1/s) to
intermediate (1/s—10%/s) loading rates. The porcine muscle showed no significant difference in the
stress-strain curve between the along-fiber and transverse-to-fiber orientation, while it was found
the human muscle was stiffer and stronger along fiber direction in tension than transverse-to fiber

direction in compression. The human frontal skulls exhibited a highly loading-direction dependent
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mechanical behavior: higher ultimate strength, with an increasing ratio of 2, and higher elastic
modulus, with an increasing ratio of 3, were found in tangential loading direction when compared
with those in the radial direction. A transition from quasi-ductile to brittle compressive mechanical
behaviors of human frontal skulls was also observed as loading rate increased from quasi-static to
dynamic, as the elastic modulus was increased by factors of 4 and 2.5 in the radial and tangential
loading directions, respectively. Experimental results also suggested that the strength in the radial
direction was mainly depended on the diploé porosity while the diploé layer ratio played the
predominant role in the tangential direction. For the fracture behaviors of bones, straight-through
crack paths were observed in both the in-plane longitudinal cortical bone specimens and cancellous
bone specimens, while the cracks were highly tortuous in the in-plane transverse cortical bone
specimens. Although the extent of toughening mechanisms at dynamic loading rate was
comparatively diminished, crack deflections and twists at osteon cement lines were still observed
in the transversely oriented cortical bone specimens at not only quasi-static loading rate but also
dynamic loading rate. The locations of fracture initiations were found statistical independent on
the bone type, while the propagation direction of incipient crack was significantly dependent on
the loading direction in cortical bone and largely varied among different types of bones (cortical
bone and cancellous bone). In addition, the crack propagation velocities were dependent on crack
extension over the entire crack path for all the three loading directions while the initial velocity for
in-plane direction was lower than the other two directions. Both the cortical bone and cancellous
bone exhibited higher fracture initiation toughness and steeper R-curves at the quasi-static loading
rate than the dynamic loading rate. For cortical bone at a dynamic loading rate (5.4 m/s), the R-
curves were steepest, and the crack surfaces were most tortuous in the in-plane transverse direction
while highly smooth crack paths and slowly growing R-curves were found in the in-plane
longitudinal direction, suggesting an overall transition from brittle to ductile-like fracture
behaviors as the osteon orientation varies from in-plane longitudinal to out-of-plane transverse,

and to in-plane transverse eventually.
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CHAPTER 1. INTRODUCTION

1.1 Biological tissues

In biological systems, same type of tissues groups together to form into structural units —
organs to serve a common function. There are mainly four basic biological tissues in animals:
connective tissue, muscular tissue, nervous tissue and epithelial tissue. The manifestation and
composition of these tissues mainly depend on their functions and hence can differ significantly
from each other. For example, due to their largely varied biological functions, the main
compositions of human skeletal muscle are approximately 75% of water, 15% of protein and 3%
of lipids. While bone, a typical type of connective tissues, mainly consists of organic collagen
component (30%) and inorganic mineralized component in the form of aligned rod-shaped crystals
(70%). With these different compositions, the mechanical properties of muscle tissue and bone
tissue could be strongly different from each other: the muscle is soft and highly ductile while the

bone is a rigid and more brittle tissue.

1.1.1 Muscle

The muscle, as a soft and active contractile tissue, is mainly formed by muscle cells. It makes
up about 40 percent of human body weight and thus plays a significant role in dissipating impact
energy when the body is subjected to high-rate loading. The muscular tissue is further categorized
into three types: skeletal, cardiac and smooth muscles. Skeletal muscle, as the largest muscle group
in most mammals, is attached to bone by tendon and primarily responsible for skeletal movements,
such as changing posture as well as locomotion, and therefore is expected to take additional high-
rate loadings during dynamic events. As stated above, approximately 75% weight of human
skeletal muscle is water, suggesting that the human muscle is likely viscoelastic, i.e., its
mechanical properties are dependent on the loading rate significantly. In addition, bundles of
aligned protein filaments of actin and myosin joined together into myofibril, which in turn forms
the directional orientated muscle fibers as shown in Fig. 1.1. Therefore, it is also expected that the

mechanical behaviors of muscle tissue are highly loading-direction sensitive.
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Figure 1.1 A schematic for the microstructures of skeletal muscle fiber

1.1.2 Bone

Connective tissues are mainly fibrous tissues and primarily made up of cells separated by non-
living materials called extracellular matrix (ECM). Bone, as a typical connective tissue, is a highly
rigid yet lightweight organ and responsible for producing blood cells, supporting the entire body
and enabling mobility together with protecting the inner soft tissues from exotic insults. Bone
tissue further occurs into two types: as a dense solid tissue that forms the outer layer called cortical
bone and an open-cell porous internal structure called cancellous bone, as illustrated in Fig. 1.2.
The cortical bone is a highly complex architecture that builds hierarchically into multiple scales,
ranging from nanoscopic to macroscopic levels [1-4]. The basic molecular building elements of
cortical bone exist at the nanoscale level: plate-shaped mineral carbonated hydroxyapatite
nanoparticles and collagenous protein molecules [1, 2], which together constitute the mineralized
collagen fibrils, with the collagenous protein molecules, on its own, developing an organic matrix
for the mineral crystals at the scales of hundreds of nanometers [1]. Collagen fibrils in turn are
bundled together to form larger fibers typically a micrometer in diameter. Sheets of aligned fibers
form into micrometers wide lamellar structures, and three to eight layers of lamellae join together
into a cylindrical structure that is several hundred micrometers in size, known as osteon or
Haversian system, which is regarded as the basic unit in cortical bone [3]. Volkmann’s canals
vertical to the osteons connect the Haversian canals together. The osteons are aligned parallel to
each other and longitudinal to the axis of long bones, forming a typical anisotropic architecture in
bone [2]. This anisotropy built inherently in its microstructural configuration results in the loading-
direction dependency found in almost all of its fundamental mechanical properties [4].
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Cancellous bone, or trabecular bone, is a less dense tissue located inside of bones and at the
ends of long bones. It develops a lattice-like network structure and hence possesses a higher
surface-area-to-volume ratio than cortical bone. It is reported the trabecular bone accounts for 20%
of total bone mass yet possesses nearly ten times the surface area of cortical bone [5]. A recent
study showed that the trabeculae were aligned towards the mechanical load distribution that the
bone experienced during its growth and this alignment in vertebral was well studied previously
[6]. Cancellous bone is also highly vascular and mostly contains red bone marrow. This porous
structure together with its high volume of liquids grand the trabecular bone superiority in flexibility
and impact absorption. Consequently, it is expected that the mechanical behaviors of both cortical

and trabecular bone tissues strongly depend on both the loading direction and loading rate.

Cortical bone Trabecular bone

Periosteum Growth plate

Figure 1.2 The distribution of cortical bone and trabecular bone in long bones

1.2 Mechanical behaviors of biological tissues

Biological tissues potentially undergo various loading conditions over a wide range of strain
rates: quasi-static, intermediate and high strain rates. For example, studies on the in-vivo loading
conditions in bone suggested that the loading rate was approximate ~0.007-0.02/s during walking
or running [7-9], while it could be as high as ~25/s (impact speed: 7m/s) for impact events [10].
Therefore, it is with great importance to investigate the mechanical behaviors of biological tissues

under both quasi-static and dynamic loading conditions. The mechanical behaviors of biological
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tissues are vastly studied previously ang they are believed to be dependent on their biological
functions, which in turn determined by its microstructures significantly. The reported properties

of both muscle and bone tissues are introduced separately below.

1.2.1 Muscle

The pioneering studies on quasi-static mechanical behaviors of soft biological tissues started
as early as decades ago [11, 12]. Later, the compressive mechanical behaviors of passive rat
skeletal muscle were studied at a quasi-static strain rate and it was found the stress-strain curves
were non-linear and viscoelastic [13]. More interestingly, cyclic tensile experiments on passive
rabbit muscle at various rates at engineering strain up to 40% showed that the energy dissipated
by the muscle was independent of strain rates [14]. Experiments on rat tibia anterior muscle found
that the tendon compliance did not alter the active force generated by muscle over a normal joint
range of motion but exerted a significant influence at the extremes of joint motion [15]. Fresh and
aged bovine muscle, porcine muscle and ovine muscle were studied at different muscle fiber
orientations and loading rates in uniaxial compression [16-18]. Results showed that the passive
mechanical behaviors of all those muscle tissues were dependent on strain rate as well as fiber
orientation [16-18]. It was also found that the difference between fresh and aged muscle was
significant and the effect of postmortem time in the aged passive muscle was only significant
within a specific range of time [16-18]. In addition to experimental studies, numerical methods
incorporating the active and passive response of muscle tissues were also developed and it was
concluded that the quasi-static mechanical responses of skeletal muscle were non-linear and the
difference between the active and passive muscle was significant, which agreed well with those
experimental results [19, 20].

Research effort was also invested to experimentally characterize the muscle’s mechanical
properties in both compression and tension at a high strain rate [21]. Song et al. studied the fresh
porcine muscle in compression and found that both the strain-rate and loading direction
dependencies were apparent at high strain-rate within the scope of Kolsky bar [21]. It was found
that the effect of strain-rate was more significant in the loading direction perpendicular to fiber
direction than parallel to fiber direction [21]. High strain-rate tensile loading was also applied
using Kolsky tension bars on fresh porcine muscle [22]. Similar to that in compression, the tensile

stress-strain curves of fresh porcine muscle were also non-linear and strain-rate sensitive [22].
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Comparing with that in compression, porcine muscle exhibited less significant loading direction
dependency in rate sensitivity under tension loadings, i.e., the difference in the effect of strain rate
for the two loading direction cases was less significant in tension than in compression [22]. In
addition, Myers studied the effect of strain-rate in the range of 1/s to 25/s on the passive and
stimulated compressive mechanical response of rabbit tibialis anterior muscle and concluded that
the stimulated muscle was less strain-rate sensitive than the passive muscle [23]. However, the
loading-direction dependency in the tensile mechanical behaviors of muscle tissues was quite
controversial in the literature, with a stiffer behaviors in transverse-to-fiber direction at small
strains were reported for porcine muscle and rabbit muscle [24, 25], while a stiffer response was
observed for rabbit muscle along the longitudinal-to-fiber direction [26].

As well studied, skeletal muscle is a composite tissue of major active contractile muscle fibers
and other minor tissues, such as blood vessels, nerves and connective tissues (ECM) [19].
Although the ECM is account for a small volume of the entire muscle tissue, it may presumably
affect the muscle’s biological functions and mechanical properties significantly [19]. For example,
ECM in muscle, including the endomysium, perimysium, and epimysium were reported acting as
the major loading bearing structures in passive muscle [27, 28]. Studies were conducted to
compare the tensile mechanical properties of two groups of muscle tissue: one group with ECM
intact and the other one with ECM removed. Experimental results showed that the muscle with
ECM removed was less nonlinear elastic and stiffer than the group with ECM intact, indicating
that ECM could be highly nonlinearly elastic and its modulus was largely stiffer than muscle fibers
[27]. Later, experiments were performed to directly measure the mechanical properties of ECM
by removing the muscle fiber while keeping ECM intact from the entire muscle and the results

agreed with the properties of ECM estimated indirectly [28].

1.2.2 Cortical bone and trabecular bone

Bone is also a typical composite tissue consisting of collagen and hydroxyapatite. Its
mechanical properties are primarily construed by its complex hierarchy architecture [1, 2]. There
has been a large body of studies on the mechanical behaviors of bone tissues in literature [29-63],
with some focused on the uniaxial tensile, compressive and torsional mechanical properties [29-

39] and others concentered on its fracture toughness [40-63].
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Studies to characterize the strength and modulus of cortical bone showed that the cortical bone
was stronger under shear loading than under tensile loading and no difference in toughness was
found between men and women [29]. A gradually decrease in elastic modulus, strength, work to
failure and fracture toughness was observed as age increased [40]. This decrease in toughness due
to aging was mainly attributed to the alternation that occurred in the microstructure: increased non-
enzymatic collagen cross-linking, which suppressed plasticity at the nanoscale dimension, and also
an increased osteonal density, which limited the potency of crack-bridging mechanisms at
micrometer scales [41]. It was suggested that the increased non-enzymatic collagen resulting in
the increased stiffness of the cross-linked collagen required energy to be absorbed by plastic
deformation at higher structural levels, such as the process of microcracking, which, as a result,
presumably decreased the bone’s toughness [41].

As the basic functional unit in bone, osteon plays a vital role in resisting the cracks in bone.
The osteons, consisting of highly mineralized collagens, are glued together with organic matrix
and the entire structure is hence reinforced. As the crack impinges upon the interface between
osteon and matrix (interstitial lamellae), also known as the osteonal cement line, it is likely to be
significantly deflected, which increases the driven force for further crack propagation and hence
increases the fracture toughness [42]. A recent study on the role of collagen in determining the
bone’s mechanical properties found that the collagen network also played an important role in the
toughness of bone, but had little effect on the stiffness of bone [43]. The effect of microstructural
material properties on the mechanical properties of bone at macroscopic levels was also vastly
studied in the literature [37, 44, 45]. It was found that the hardness of interstitial lamellae was a
function of age significantly and the longitudinal fracture toughness decreased more rapidly than
transverse fracture toughness as age increased [44]. The influences of porosity, osteon-density,
osteonal area, osteonal lamellar area, osteon size and Haversian canal size on the toughness of
cortical bone were also investigated under tension and shear loadings [37]. The results suggested
that porosity and osteon density were the primary morphological parameters in influencing the
toughness of bone. The cement line fracture toughness, significantly decreased with increasing age,
was less effective in energy absorption and hence had a significant effect on the toughness [45].

Cancellous bone, also called trabecular bone or spongy bone, is mostly seen in the internal
region of all kinds of bones and at ends of long bones. It is also largely distributed in irregular

vertebra and skull bones. The porosity of trabecular bone is largely higher than the cortical bone
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and exhibits entirely different mechanical behaviors than cortical bone. As that for cortical bone,
there are also abundant studies on the trabecular bone under various loading conditions in literature
[46-48]. The tensile and compressive elastic modulus of trabecular bone was measured by either
loading the specimen to failure [46] or by non-destructive testing [47], and an elastic modulus of
~871 MPa was reported [46]. No difference between the elastic modulus in tension and
compression was observed while the strength, ultimate strain, and work to failure was extremely
higher in tension [47]. A study on the material properties of trabecular bone also showed that its
strength and modulus were approximately proportional to the cube of the apparent density [48].
As stated above, bone is a composite material and contains some extent of fluids, such as blood.
Therefore, it is expected that bone exhibits viscoelastic mechanical behaviors. The effect of
loading rate on bone’s behaviors was extensively documented in the literature [31-33, 48-59]. In
general, a transition from ductility to brittleness was observed in both cortical bone and trabecular
bone as the loading rate increased from quasi-static to dynamic [31, 32, 48, 51, 52]. More
specifically, the strength, stiffness, elastic modulus increased significantly while fracture
toughness and strain at failure decreased as loading rate increased from quasi-static (1x103%/s) to
dynamic (as high as 1x10%s) [31, 32, 48, 51, 52]. The fracture surfaces in bone under bending
loading also tended to become less rough and more cleavage-like at higher rates, showing a typical
brittle mechanical behavior [51]. Such reduced toughness was suggested to be due to the
differences in the toughening mechanisms between quasi-static and dynamic loading rates [58]. A
critical strain-rate range was reported between 1x10*%/s and 1/s, where the ultimate strain and
energy absorption increased first while further increase in strain-rate resulted in decreases in those
mechanical properties [52, 59]. The strain-rate effect on trabecular bone was also apparent and
similar trend that it became more brittle as the loading rate increased was also observed [48, 53-
57]. For example, the strength increased by a factor of approximately 2-3 when the strain rate
increased from 10°/s to 500/s [53]. Other properties, including the stiffness, ultimate strain and
modulus were also strongly affected by the strain rate [48, 54-57]. Besides, other factors, such as
a large dose of radiation could also exert a significant effect on the mechanical properties of bone
[60-63]. It was studied that a high volume of radiation definitely applied a deleterious effect on
bone’s mechanical behaviors, resulting in a decrease in its fracture toughness. However, the effect
of a lower dose of radiation is still controversy, with an apparent decrease in toughness reported

in [60-62] while no significant effect observed in [63].
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1.2.3 Skull bone

Skull bones composed of two parts: the facial skeleton and the cranium. A common bone
fracture during impact events, such as motorcycle accidents and physical confrontations in sports,
is facial bone fracture [64]. However, only spotty studies can be found and the results are largely
varied among different studies on the same facial bones [64-68]. For example, it was reported the
critical forces to fracture of human nasal bone was 450 to 850 N in [65] while its stiffness was 261
(SD, 217) N/mm in [64]. Such large variations of critical forces and fracture of human nasal bone
was also observed in human mandible bone, with a value of 2500 to 3000 N reported in [67] while
a value of 5270 (£ 930) N reported in [68].

Traumatic skull injury also occurs commonly during blast and impact events, which hence
could potentially induce fatal brain injuries. Therefore, it is with great importance to study the
mechanical behaviors of cranial bones, and thus to help improve the protective gears and rational
therapies [69]. Cranial bone is a complex bony structure that possesses a typical sandwich
architecture: with the inner and outer layers (tables) are made of cortical bone while porous
trabecular bone, also known as diploég, is distributed in between. With this sandwich configuration,
its mechanical behaviors are believed to be both highly loading-direction and loading-rate
dependent. The loading-direction dependency of the cranial bones was studied abundantly in the
literature, although most of them concentrated at quasi-static loading rates [69-72]. It was shown
the cranial bone was a brittle material and its strength and elastic modulus were loading-direction
dependent (radial and tangential) in both compression and tension [69-72]. A conclusion was also
drawn that human cranium was viscoelastic based on the observation that there was a large amount
of recoverable strain in the failed specimen [70]. However, the reported mechanical properties
were largely varied in the literature and such variations could be owing to the largely varied

porosity and internal arrangement of the diploé [69].

1.3 Research gaps in the literature and the objective of the present dissertation

As can be seen, most of the studies on biological tissues in literature are focused on quasi-static
loading rates [11, 12, 37-45, 69-84], where it is comparatively straight forward to load the
specimen and collect the data. The main reason can be that most of the testing apparatus used in

their study are built solely for experiments at strain rates below 1/s and can hardly be used to load
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the specimen at higher rates. Although Kolsky bars are designed for high-rate loading, they are not
standard apparatuses, and it acquires a large amount of effort to properly control the testing
condition and hence ensure a valid experiment. However, in reality, many loading conditions that
result in fatal damages to biological tissues are those involved in dynamic and impact events: such
as car collisions and sports accidents. In those situations, soft tissues, such as muscles, and hard
tissues, like bones, are potentially subjected to loadings with the strain rate falls in the range of
intermediate and high rates [85-88]. For example, a study on the in vivo loading conditions in skull
bone reported that the loading rate in impact events was 14/s or higher [87]. Even some studies
were conducted on muscles at dynamic loading rates, no data fall in the range of intermediate strain
rates were available in the literature. Furthermore, investigations on the fracture toughness of bone
were mainly restricted to either the transverse loading directions or quasi-static strain rates [38, 39,
42, 45, 73-84], and no real-time observation of the entire fracture process in details, including
crack initiation and subsequent propagation [58, 89], was provided. Dynamic experiments on skull
bones were either performed solely on the cortical layers of the skulls [90] or on the infant skull
bones [91], where the structure was entirely different from the adult human cranial bones.
Therefore, it is important to quantitatively understand the mechanical responses of biological
tissues, such as muscle tissues, cortical bones, trabecular bones and the cranial bones (with the
whole sandwich structure intact) at intermediate and high strain rates. In this dissertation, we
experimentally investigated the uniaxial compressive mechanical properties of fresh porcine
muscle at quasi-static and intermediate strain rates in parallel and perpendicular to the fiber
direction. The passive human muscle’s mechanical behaviors along fiber direction in compression
and transverse to fiber direction in tension were also studied at quasi-static and intermediate strain
rates. Fracture toughness of both cortical bone and trabecular bone was investigated at a quasi-
static and dynamic loading rate. The effect of loading direction on the fracture behaviors of cortical
bone in terms of crack-growth resistance curves (R-curves) was also studied at a dynamic loading
rate. The entire fracture processes in the bones were also visualized, in real-time, using the high-
speed synchrotron X-ray phase contrasting imaging technique. The strain-rate dependencies and
loading-direction sensitivities in the mechanical behaviors of human frontal skull bones were
quantitatively studied at quasi-static, intermediate and high strain rates. The entire in-situ failure
processes in the skull bone specimens in the radial and tangential loading directions were also

visualized and the failure types in the two loading-direction cases were hence identified.
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CHAPTER 2. QUASI-STATIC AND DYNAMIC COMPRESSIVE
MECHANICAL RESPONSE OF PORCINE MUSCLE

Adapted from:
X. Zhai, W.W. Chen. Compressive mechanical response of porcine muscle at intermediate (10%/s-
10%/s) strain rates, Experimental Mechanics. Doi: 10.1007/s11340-018-00456-1. (with permission
from Springer)

2.1 Abstract

Compressive stress-strain response of porcine muscle was experimentally determined at
intermediate strain rates (10%/s-10%/s) in this study. A hydraulically driven materials testing system
with a dynamic testing mode was used to perform the compressive experiments on porcine muscle
tissue with loading directions parallel and perpendicular to muscle fiber direction. Experiments at
quasi-static strain rates were also conducted to investigate the strain-rate effects over a wider range.
The experimental results show that, at intermediate strain rates, the porcine muscle’s compressive
stress-strain responses are non-linear and strain-rate sensitive. The porcine muscle’s compressive
mechanical response exhibits no significant difference between the two fiber orientation cases at
quasi-static and intermediate strain rates. An Ogden model with two material constants was

adopted to describe the rate-dependent compressive behavior of the porcine muscle.

2.2 Introduction

Analytical constitutive models and numerical methods are increasingly used for various
applications in tissue engineering and biomedical engineering in recent years, such as simulations
of the mechanical response of biological tissues and predictions of bio-tissue impairment under
different loading conditions. A quantitative understanding of the mechanical behaviors of those
biological tissues over a wide range of strain rates is the basis of those models and methods.
Comprehensive studies on quasi-static mechanical behavior of biological tissues started decades
ago [11, 12]. Unconfined uniaxial in vivo compressive experiments on passive rat skeletal muscle
were conducted in order to reveal its nonlinear viscoelastic behavior and the Ogden model was
used to fit the experimental data [13]. Cyclic tensile loading and unloading experiments on rabbit

muscle at various rates and temperatures with the engineering strain up to 40% were also
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performed to show that the energy dissipated by the muscle specimens is independent of strain
rates and temperatures [14]. Hawkins and Bey [15] experimentally investigated the effect of
tendon compliance on rat tibialis anterior muscle’s force-length behavior at quasi-static strain rates
and suggested that tendon’s compliance does not alter the active force generated by muscle over a
normal joint range of motion but has an effect at the extremes of joint motion. van Loocke et al.
[16-18] conducted uniaxial compressive experiments on fresh and aged bovine muscle, porcine
muscle and ovine muscle tissues for various muscle fiber orientation cases at different compression
rates and concluded that those muscles’ mechanical behaviors are dependent on strain-rate, fiber
orientation and time of test after death. There have been some studies focused on the anisotropic
mechanical behaviors of passive skeletal muscle in the literature [24, 26], although different
experimental results were reported in those works. Quasi-static (5%10-4/s) tensile experiments
were performed on porcine muscle to an engineering strain of 130% or to failure with the fiber
direction orientated 0°, 30°, 45°, 60°, 90° to the loading direction. Experimental results suggested
that the transverse direction was generally linear and was the stiffest whereas the longitudinal
direction was nonlinear and much less stiff [24]. However, similar tensile experiments on rabbit
muscle at quasi-static strain rates (5x10-4/s) indicated that its stiffness was significantly higher in
the longitudinal direction compared with the transverse direction [26]. Noninvasive testing
methods, such as ultrasound-based technique was used to investigate the anisotropic in vivo
mechanical properties of muscle tissue [92], despite the inherent disadvantage of those methods
that could hardly deform the tissue to large strains with sufficient magnifications. Works
performed to understand the morphological characteristics of the architectures in skeletal muscle
[19, 93] and their contributions to the mechanical properties of whole muscle tissue [20, 27, 94]
are much sparser in the literature. It was found that the titin filaments in muscle fiber played only
a minor role in passive stretching load-bearing, while that the connective tissue, or extracellular
matrix (ECM), was tremendously stiff and acted as the major load bearing structure [19, 27].
Furthermore, numerical methods incorporated with active and passive response of muscle tissue
were also developed to simulate the quasi-static mechanical responses of skeletal muscle and
showed a good agreement with the experimental results [19, 20].

Research efforts have also been invested to experimentally study the mechanical response of
biological tissues at high strain rates (102/s-5.7x103/s). Characterization of compressive stress-

strain responses of various biological tissues, such as porcine muscle [21] and bovine muscle [95]
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was achieved at high strain rates using modified Kolsky compression bars. All those muscle tissues
exhibit non-linear and strain-rate sensitive compressive mechanical behaviors. More specifically,
the strain-rate dependency of porcine muscle is also sensitive to the loading direction and more
significant in the direction perpendicular to fiber direction than that parallel to fiber direction [21].
However, experimental evidence of bovine muscle under similar testing conditions showed that,
at both quasi-static and high strain rates, there was no statistical difference in its compressive
stress-strain behaviors between the parallel and perpendicular fiber orientation cases [95]. Kolsky
tension bars were also used by researchers to investigate the tensile and shear responses of various
biological soft tissues. The stress-strain response of porcine muscle under dynamic tensile loadings
is also non-linear and strain-rate sensitive. The dependency of loading direction on the rate
sensitivity of porcine muscle’s tensile behavior is less significant than that in its compressive
behavior [22].

Many loading conditions on bio-tissues involved in various dynamic situations, such as vehicle
collision or sports accidents, fall in the range of intermediate strain rates [85, 86]. Therefore, it is
important to quantitatively understand the mechanical response of biological tissues at those strain
rates. However, experimental data are very scarce on soft materials [85, 96-98], especially on
biological tissues [23, 99] in literature in the range of intermediate strain rates. Myers et al. [23]
performed experiments to study the effect of strain rate in the range of 1/s to 25/s on both passive
and stimulated compressive mechanical response of rabbit tibialis anterior muscle and found that
the stimulated responses were less sensitive to strain rates than the passive responses. Despite these
spotty publications on intermediate rate behavior of muscle tissues, research activities in this rate
range remain limited. The reason for this data scarcity is that there are still no well-established
techniques for the mechanical characterization of soft tissues at intermediate strain rates. Most
traditional material testing frames are built to perform experiments at strain rates below 1/s,
whereas typical Kolsky bars are designed to conduct dynamic experiments at strain rates above
10%/s. Although drop-weight towers load specimens at intermediate strain rates, complete stress-
strain responses at a constant strain-rate are not obtained directly. In this study, we experimentally
investigate the compressive stress-strain response of porcine muscle tissue at intermediate strain

rates using a hydraulically driven high-speed material test system.
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2.3 Experiments
2.3.1 Specimen preparation

Porcine Biceps femoris muscle was first cut from a ham of an 8-month-old female swine raised
by Department of Animal Sciences, Purdue University right after it was slaughtered. To keep the
muscle tissue activity as long as possible, the porcine muscle was kept in a modified Kreb solution
(136 MM NaCl, 4 mM KCl, 2.35 mM CaCl2, 1 mM NaH2PO4, 0.85 mM MgCl2, 12 mM NaHCQO3,
5 mM glucose, and pH=7.4) bubbled with 95% O2 and 5% CQO?2 at the swine body temperature of
39.2 °C [100], which is a simulation of the in vivo circumstance of swine. Then approximately 4-
mm thick muscle tissue was sliced with its surface parallel and perpendicular to fiber directions
by using an electric meat slicer. Solid-disk shape specimens with a diameter of 9.5 mm (3/8”) and
a thickness of 4 mm were then prepared from the 4-mm thick porcine muscle tissue by a sharp
trephine right before the experiments. The thickness of each sample was measured by a caliper. A
light source was put behind the sample as a guide such that no light passing through and there was
no gap between the caliper’s jaws and the sample. All the prepared samples were kept in the same
modified Kreb solution. Figure 2.1 is a photograph of an actual specimen with the direction of

surface perpendicular to the fiber direction.

Figure 2.1 Photograph of a typical solid disk-shape porcine muscle specimen

2.3.2 Experimental setup

Unconstrained uniaxial compression experiment was performed to characterize the specimens’
compressive stress-strain response parallel and perpendicular to fiber direction at quasi-static
(0.01/s and 0.1/s) and intermediate strain rates (10/s and 85/s) under 1-D stress loading. All
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experiments were conducted using a hydraulically driven material testing system (MTS 810) with
a nominally open-loop dynamic testing mode. The experiments conducted were within the US
animal welfare regulations and guidelines. The testing system has a hydraulic power unit (HPU)
charged accumulator, which is capable of supplying high volumes of hydraulic fluid quickly and
therefore capable of reaching intermediate strain rates. A pair of grips made of aluminum alloy
were connected to the actuator and load cell to apply unconstrained uniaxial compressive loads on
the samples. Vegetable oil was used to minimize the frictions between the grips and the samples
during the experiments. The displacement of the actuator was measured by an LVDT attached to
the hydraulically driven frame and recorded by a digital oscilloscope. The recorded displacement
data was directly used to calculate the strains in specimens as the maximum load needed to
compress the specimens was too small (less than 40 N) to generate noticeable machine compliance
errors (250 N for 0.1 mm). The forces on the specimens for intermediate strain-rate experiments
were measured by a quartz piezoelectric load cell with a high-frequency response, while the forces
for quasi-static experiments were measured by a strain-gage load cell. For the experiments at quasi-
static strain rates, the sample was kept hydrated by irrigation of the modified Kreb solution. While,
for experiments at intermediate strain rates, the sample was still in a hydrated state thanks to the
residual solution on it since the whole deformation process lasted less than a few seconds. A

schematic of the experimental setup is shown in Fig. 2.2.

Specimen . Loadcell

Servohydraulic Grips
controller
| Actuator

Figure 2.2 A schematic of the hydraulically driven material testing system
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Figure 2.4 Compressive stress-strain curves of 6 porcine muscle specimens perpendicular to fiber
direction at strain rate of 85/s and their average

A typical set of strain rate and strain histories of a specimen are shown in Fig. 2.3, from which
it was observed that the specimen deformed with a low initial strain acceleration and then at a
nearly constant strain rate (average strain rate is 85/s in the strain range of 0.1 to 0.4). The strain

rate in Fig. 2.3 is calculated by taking derivative of strain with respect to time. The low initial
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acceleration is required for avoiding inertial effects on the measured mechanical responses. For
each strain rate and fiber direction, at least six specimens were measured under identical
experimental conditions to ensure data repeatability. The stress-strain curves of the six specimens
perpendicular to fiber direction together with their average curve at the strain rate of 85/s are shown
in Fig. 2.4. The maximum extra stress due to radial inertia at strain rate of 85/s for the solid-disk
shape specimen used in this work was calculated by the loading acceleration to be 0.9 kPa by using
the equation (2.7) in [101], which is less than 1% of the strength of specimen and hence could be
ignored.

2.4 Results & Discussions

The resultant compressive stress-strain curves of specimens with loading directions parallel
and perpendicular to fiber direction are presented in Fig. 2.5a and b, respectively. Each curve in
the two figures represents the average value of at least six repeated experiments performed under
identical experimental conditions. Standard deviations for each strain rate and fiber orientation
case are also plotted on the average stress-strain curves to show data scatter. The compressive
stress-strain data at quasi-static strain rate and high strain rate from Song’s work on porcine muscle
are also shown in Fig. 2.5a and b for comparison [21]. The results show that the compressive
stress-strain responses of porcine muscle at intermediate strain rates obtained in the present work
are non-linear and strain-rate dependent. The stress-strain curves consist of three regions: a toe
region, a non-linear transitional region, followed by a stiffening region, which is consistent with
those experimental results of porcine muscle obtained previously at quasi-static and high strain
rates [21]. The results in Fig. 2.5a and b show that the quasi-static stress-strain curves (0.1/s)
obtained in this study agree well with that obtained previously (0.07/s and 0.06/s) for both parallel
and perpendicular to fiber direction [21]. The results also show that the stress-strain data obtained
in this study generally falls in the gap between quasi-static and dynamic rates reported previously
on porcine muscle [94] except that the stresses at 85/s strain-rate perpendicular to fiber direction
are slightly higher than that of 540/s from [21]. One of the possible reasons is the annular-shape
specimens were utilized previously to minimize inertia effects during Kolsky bar compression in
[21].
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Figure 2.5 Compressive stress-strain curves of porcine muscle at various strain rates, showing
the data for (a) loading direction parallel to fiber direction, (b) loading direction perpendicular to
fiber direction

Figure 2.6 provides a quantitative comparison of stresses between the two fiber orientation
cases at 40% engineering strain. The difference ratios are 26.7 %, 12.8 %, 16.6 % and 3.1 % for

strain rate of 0.01/s, 0.1/s, 10/s and 84/s, respectively. To rigorously evaluate the effect of fiber
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orientation on the stress-strain response of porcine muscle at various strain rates, statistical
hypothesis tests (t-tests) were performed. The Kolmogorov-Smirnov normality tests (K-S tests)
were first conducted to examine the normality of the experimental results in order to further
perform the t-tests. As shown in Table 2.1, at the 0.05 level, it was concluded that all the
experimental results were significantly drawn from a normally distributed population. That is to
say if the p-value is greater than 0.05, the result was normally distributed. t-Test was then
performed for stresses for the two fiber orientation cases at strain rates of 0.01/s, 0.1/s, 10/s and
84/s. At the 0.05 level, it was concluded that the compressive stresses of porcine muscle at 40%
engineering strain at all the studied strain rates resulted in no significant difference between
parallel and perpendicular to fiber direction cases. It is well known that muscle is composed of
multiple bundles of muscle fibers called fascicles. Muscle fibers, in turn, are composed of
myofibrils, which are built from repeated sarcomeres. The layers of connective tissue (ECM),
enclosing each fascicle and separating each muscle fiber are called perimysium and endomysium,
respectively [19, 93]. Because that muscle fibers could hardly bear compressive loads in the
longitudinal direction or that the muscle fiber is a significantly less stiff structure comparing with
ECM [19, 27], ECM such as perimysium and endomysium act as the main passive load bearing
structures for compressive loadings both parallel and perpendicular to fiber directions. Thus, the
independence of porcine muscle’s compressive stress-strain response on fiber direction observed
in this study could presumably be due to the similar strain resistance of the approximately isotropic
ECM [20] to compressive loadings. Figure 2.7a and b show the variations of stresses as a function
of strain rate at the engineering strain of 10 %, 25 %, and 40 % for both specimen orientation cases.
The data for porcine muscle obtained previously [21] are also shown in both figures for
comparison. It should be noted that each data point obtained in the current research stands for the
average value of at least six repeated experiments. Strain-rate effect even within the intermediate
strain rate range is evident in the stress-strain behavior of porcine muscle tissue for both the parallel
and perpendicular to fiber direction cases as shown in Fig. 2.7a and b. It should be noted that we
here measured the stress-strain behaviors of fresh passive muscle. In reality, the muscle tissue
subjected to intermediate strain-rate loadings involved in dynamic events are active muscle and its

mechanical properties could be different from that of passive muscle.
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Table 2.1 P values from Kolmogorov-Smirnov normality test

Strain rate(/s)

Stress at 40% engineering strain

Parallel Perpendicular
0.01 0.56 1
0.1 1 0.90
10 1 1
84/85 0.80 1

2.5 Constitutive model
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Due to the high liquid content in muscle tissue and relative high stiffness of the connect tissue

combined with the low stiffness of muscle fibers, the skeletal muscle exhibits an overall

incompressibility in its response to mechanical loadings [102]. As a consequence, we used the

Ogden model [103] for incompressible, isotropic, hyperelastic materials here for the descriptions

of the non-linear compressive stress-strain response of porcine muscle tissue. The Ogden model

was first developed by Ogden and has been widely applied to determine the wide range of strain
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hardening characteristics of hyperelastic materials, such as rubbers, polymers and biological

tissues [22]. The one-term Ogden model has the form of
2 [24 o (o4
Wy 2y, o) =5 (B +25 + 25 =3) (2.1)

where W is the strain energy density per undeformed unit volume, 4 (i =1,2,3) is the principal
stretch ratio (in a Cartesian reference coordinate), u is the shear modulus under infinitesimal
strain and  has the interpretation of strain hardening exponent. In a uniaxial compressive
experiment with the 1-axis aligned with the loading direction (o, =0, o, =0), the porcine muscle
specimen is considered to be incompressible. Therefore, the specimen’s principal stretch ratios
satisfy the constraint as shown in Equation (2.2).
k=l

JA

The strain energy function now can be expressed as a function of one stretch ratio by Egs. (2.1)
and (2.2):

(2.2)

24, . —
W(h) =2 (4 +24% -3 (2.3)
The nominal stress o, in the uniaxial compressive experiments is given by:
o, = ﬂ (2.4)
o4,
and for uniaxial compressive experiments, Eq (2.4) could be further reduced to
2 o ~1-(a

oy ="C A= a ] (25)

The two constants « and ux used in the Ogden model for the porcine muscle can be

determined by the experimental data obtained in this research.
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Figure 2.8 Ogden fit of the measured compressive stress-strain response of porcine muscle,
showing the data for (a) loading direction parallel to fiber direction, (b) loading direction
perpendicular to fiber direction

Figure 2.8a and b show the Ogden fits for the measured stress-strain responses of porcine
muscle in compressive experiments at quasi-static and intermediate strain rates for the two

specimen orientation cases. The Ogden constants evaluated experimentally are summarized in
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Table 2.2. The results in the two figures show that the Ogden model provides a good curve fit for

the porcine muscle at all strain rates considered in this work.

Table 2.2 Ogden constants ([ and o) evaluated at different strain rates for porcine muscle

_ Shear modulus, u (kPa) Strain hardening exponent, «
Strain rate (/s)

Parallel Perpendicular  Parallel Perpendicular
0.01 4.3 3.9 9 8
0.1 10.0 9.5 9 8
10 18.2 17.1 9 8
84/85 23.9 27.9 9 8

2.6 Conclusions

The stress-strain response of passive porcine muscle was experimentally studied under
unconstrained uniaxial compressive loading conditions at both quasi-static and intermediate strain
rates. A hydraulically driven material testing system with a nominally open-loop testing mode for
intermediate strain rates was utilized to perform all the experiments on the porcine muscle along
directions parallel and perpendicular to the muscle fiber direction. A quartz piezoelectric load cell
and a strain gage load cell were used to measure the forces in the experiments at intermediate strain
rates and quasi-static strain rates, respectively. The strain rates were controlled to be constant
during the experiments after initial rises. Strain-rate effects on the non-linear stress-strain response
of porcine muscle were found to be evident from the experimental results for both specimen
orientations. The compressive stress-strain response of porcine muscle at quasi-static and
intermediate strain rates was found to be insensitive to the two fiber orientations studied in this
work (parallel and perpendicular to fiber direction). A one-term Ogden model is used to describe
the compressive stress-strain response of porcine muscle at each strain rate. Two material constants
are shown to be sufficient for a good description of the experimental data over a wide range of

strain rates achieved in this study.
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CHAPTER 3. QUASI-STATIC AND DYNAMIC MECHANICAL
RESPONSE OF HUMAN MUSCLE

Adapted from:

X. Zhai, E.A. Nauman, Y. Nie, H. Liao, R.J. Lycke, W.W. Chen. Mechanical Response of Human
Muscle at Intermediate Strain Rates, Journal of Biomechanical Engineering. 141 (2019), 044506.
(with permission from ASME)

3.1 Abstract

We experimentally determined the tensile stress-strain response of human muscle along fiber
direction and compressive stress-strain response transverse to fiber direction at intermediate strain
rates (10°-10%/s). A hydraulically driven materials testing system with a dynamic testing mode was
used to perform the tensile and compressive experiments on human muscle tissue. Experiments at
quasi-static strain rates (below 100/s) were also conducted to investigate the strain-rate effects over
a wider range. The experimental results show that, at intermediate strain rates, both the human
muscle’s tensile and compressive stress-strain responses are non-linear and strain-rate sensitive.
Human muscle also exhibits a stiffer and stronger tensile mechanical behavior along fiber direction
than its compressive mechanical behavior along the direction transverse to fiber direction. An
Ogden model with two material constants was adopted to describe the nonlinear tensile and

compressive behaviors of human muscle.

3.2 Introduction

Human muscle, a soft tissue, makes up about 40 percent of human body weight and thus plays
a significant role in dissipating impact energy when the body is subjected to high strain-rate
loading. Skeletal muscle attaches to bone through tendon and is primarily responsible for skeletal
movements, such as changing posture and locomotion, and therefore is expected to experience
additional high strain-rate loading during dynamic events. This study is focused on the dynamic
behavior of skeletal muscle.

The mechanical properties of animal muscle tissues have been reported to be nonlinear and
strain rate sensitive [13, 16, 21, 22, 24-26, 104]. Uniaxial compressive experiments on passive

bovine muscle, porcine muscle and ovine muscle provide evidence that they are both strain-rate
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sensitive and dependent on fiber orientation [16, 104]. Tensile experiments at quasi-static strain
rates on passive porcine muscle [24] and rabbit muscle [25, 26] were conducted to investigate the
effect of loading directions on their mechanical properties. While stiffer transverse tensile stress-
strain behaviors at small strains were observed for porcine muscle [24] and rabbit muscle [25], a
stiffer longitudinal tensile stress-strain response was reported for rabbit muscle by Morrow et al.
[26]. Within the range of high strain-rate, the dependency of porcine muscle on strain rate is more
significant in its transverse fiber direction than along the fiber direction [21]. In comparison, the
strain rate sensitivity of porcine muscle in tension exhibits less significant dependency on fiber
orientation to loading direction [22]. The energy dissipated by rabbit muscle was reported to be
strain-rate independent under cyclic tensile loadings [14]. Recent studies on load bearing
mechanisms in muscle tissue suggested that extracellular matrix (ECM), including muscle
endomysium, perimysium and epimysium, act as the major loading bearing structures in passive
muscle [19, 27, 28]. By directly or indirectly measuring the tensile mechanical properties of ECM,
researchers found that ECM was highly nonlinearly elastic and its modulus was inherently stiffer
than muscle fibers under tensile loadings [27, 28].

In many of the dynamic cases when soft tissue damage occurs, such as vehicle collisions or
sports accidents, soft tissues are subjected to intermediate strain-rate (10°%s-10%/s) loadings [85]
[86]. In order to obtain accurate bioengineering models for those loading conditions, there is a
need to evaluate the mechanical response of human skeletal muscle at intermediate strain-rate and
to build appropriate constitutive models. However, experimental data of passive human muscle is
very limited in this range of strain rates. Two important challenges are the lack of well-established
experimental techniques for the mechanical characterization of soft tissues at intermediate strain-
rates and the difficulty obtaining human tissue specimens in sufficient quantities. Furthermore, at
intermediate strain rates, inertia effects which could begin to interfere with the stress equilibrium
state are no longer negligible [105]. Such inertia effect has been minimized in the measurements
of steels at intermediate strain-rate experiments by numerically using a cubic spline approximation
[106] or experimentally using a passive damping structure [107]. In this work, we experimentally
investigated the tensile and compressive stress-strain response of human muscle tissue at quasi-

static and intermediate strain rates.
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3.3 Material & Methods
3.3.1 Specimen preparation

Human muscle tissue was obtained from the right leg of a 59 years old white male donor. The
donor’s primary cause of death was atherosclerotic cardiovascular disease, which presumably did
not affect the muscle tissue studied in this work. The human leg was shipped and received in a
frozen state and stored immediately in a freezer at a temperature of -20 °C. Before experiments,
the leg was thawed at room temperature for about 12 hours. Several cutting molds were made with
two parallel slides with fixed distances, where razor blades were inserted to cut specimens into
various dimensions. After removing the skin, human muscle tissue was carefully extracted from
the Biceps femoris, Vastus lateralis and Vastus medialis muscle of the leg and then cut into strip-
shape specimens for tensile experiments and solid-disk shape specimens for compressive
experiments by the cutting molds and sharp trephines. The strip-shape specimens were
approximately 70 mm in length, 10 mm in width and 5 mm in thickness, while the solid-disk shape
specimens were 9.5 mm in diameter and 4 mm in thickness (Fig. 3.1). Images for each strip-shape
specimens were taken before the experiments to measure the dimensions of the specimens
precisely. All the prepared human muscle specimens were stored at 5 °C in 0.9 % Sodium Chloride
irrigation solution until the experiments were performed within 24 hours of specimen preparation

to ensure the specimens’ uniformity as much as possible.

Strip-shape

Grips
P samples

25mm | ~70mm Grips Solid-disk
samples

Figure 3.1 Schematic of the human muscle samples
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3.3.2 Experimental setup

Due to the prevailing loading conditions on human muscle tissues and limited availability of
specimen, unconstrained uniaxial tensile experiments along fiber direction and compressive
experiments transverse to fiber direction were performed to characterize the specimen’s tensile
stress-strain response at quasi-static (0.01/s) and intermediate strain rates (10/s, 90/s and 100/s)
under 1-D stress loading (Fig. 3.1). All experiments were conducted using a hydraulically driven
materials testing system (MTS 810). The displacement of the actuator was measured by a linear
variable differential transducer (LVDT) installed in the hydraulically driven frame and recorded
by a digital oscilloscope. The strains within each specimen were calculated by using the recorded
displacement data. The forces on both the bottom and top ends of the for intermediate strain-rate
experiments were measured by a pair of quartz piezoelectric load cells (Type 9212; Kisler, NY,
U.S.) with high-frequency responses and a capacity of ~222 N (50 Ibf), while the forces for quasi-
static experiments were measured by a strain-gage load cell (1500 ASk-50; Interface, AZ, U.S.)
mounted on the fixed end of the load frame (Fig. 3.2). The capacity of the strain-gage load cell
was also ~222 N (50 Ibf). A pair of aluminum grippers with rough sand-paper surfaces on both its
fixed part and movable part were used for the tensile experiments (Fig. 3.2b). The gage length for
all the tensile experiments was 25 mm, while the gage lengths for the compressive experiments

were the actual thicknesses measured on individual samples.

(a)

Load cell
Specimen

Grips

Servohydraulic controller Load cell

Actuator

Figure 3.2 Schematic of the experimental setup (a) hydraulically driven materials testing
machine (b) Grippers for tensile experiments
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Figure 3.3 Representative data for tensile experiments at strain rate of 100/s (a) Original force-
time profiles from top, bottom load cell and calibration experiment without specimen, (b) Actual
force-time profiles at top and bottom ends of specimen together with the strain-time profile

Inertia forces caused by actuator and grippers in intermediate strain-rate experiments were

determined by running experiments under identical conditions without specimens. Data analysis

for tensile and compressive experiments are summarized in Figs. 3.3 and 3.4 using an example at

a strain rate of 100 /s and 90/s, respectively, where actual forces applied on the bottom ends of

specimens were calculated by subtracting the forces due to inertia from the recorded bottom forces.

As shown in Figs. 3.3 and 3.4, the specimens were loaded in stress-equilibrium states in both

tensile and compressive experiments. For each strain rate case for both the tensile and compressive
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experiments, at least four specimens were measured under identical experimental conditions to

ensure data repeatability.
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Figure 3.4 Representative data for compressive experiments at strain rate of 90/s (a) Original
force-time profiles from upper, lower load cell and calibration experiment without specimen, (b)
Actual force-time profiles at top and bottom ends of specimen together with the strain-time
profile

3.3.3 Constitutive model

The Ogden model [103] has been widely used to describe the strain hardening characteristics
of soft tissues. As the principle axes are aligned with the loading direction and by assuming the
human muscle specimen is incompressible, the one-term Ogden model yields the nominal stress

0, as provided in [108]:
o, = Z_ﬂ[lla—l _ﬂq—l—(aIZ):I (3_1)
94

where 4, is the principal stretch ratio in the loading direction, £ and « are the infinitesimal

shear modulus and strain hardening exponent, respectively, which could be determined by fitting

the model into experimental stress-strain curve.
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3.4 Results & Discussions

The resultant tensile stress-strain curves along fiber direction and compressive stress-strain
curves transverse to fiber direction of specimens are presented in Fig. 3.5a and b, respectively. The
engineering strain of human muscle’s tensile stress-strain response at strain rate of 100/s starts
from 5% to avoid the non-constant strain rate section (Fig. 3.5a). Each curve (in Fig. 3.5a and b)
represents the average value (with standard deviation) of at least four specimens conducted under
identical conditions. The specimens under tensile loading at 10/s were not deformed to breakage
at the end of loading process at engineering strain of 25%. The experimental results show that both
the tensile and compressive stress-strain responses of human muscle at intermediate strain rates
are non-linear and strain-rate sensitive. The compressive stress-strain curves consist of three
regions: toe region, non-linear transitional region and a stiffening region, which is consistent with
those experimental results of porcine muscle reported previously at quasi-static and high strain
rates [14]. The specimens’ tensile stress-strain curves are r-shaped and divided into three regions.
The first region is regarded as a rapid initial rise in stress, where the sarcomere-perimysium
complex is considered to be responsible for deformation resistance [109]. As strain accumulates
rapidly with a comparative minimal increase in stress in the second transitional region, sarcomeres
continue to be stretched and rupture of connective tissue and sarcolemma takes place on the fiber
surface. The third region is characterized by the drop of stress, in which the failure of myofibrils
takes place and finally the whole fiber breaks [109].

The quasi-static compressive stress of postmortem porcine muscle perpendicular to fiber
direction was reported to be ~20 KPa at engineering strain of 40% by van Loocke et al. [16]. While
compressive stress of fresh porcine muscle were reported differently in separate studies, as they
were ~29 KPa in Song et al. [21] and ~5 KPa in van Loocke et al. [16]. The transverse compressive
stress of human muscle at 40% engineering strain obtained in our study was ~10 KPa. The
difference may be due to variations in species, anatomic locations and postmortem time. On the
other hand, quasi-static tensile stress of fresh porcine muscle [24] and fresh rabbit muscle [25]
along fiber direction were measured previously to be ~100 KPa and ~50 KPa at 30% engineering
strain, respectively. However, the tensile stress of postmortem frozen-thawed rabbit muscle [25]
and fresh-frozen rabbit muscle [26] were investigated in separate studies under similar testing
conditions, as they were reported differently to be ~100 KPa [25] and ~130 KPa [26], which agreed
well with our data, as measured here to be ~134 KPa.
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As shown in Fig. 3.5, at the same strain rate, human muscle specimens behave stiffer under
tensile loading along fiber direction than under compressive loading transverse to fiber direction.
There could be multiple reasons lead to this phenomenon. One major reason is the differences in
the muscle fiber and ECM’s strain resistances under along-fiber stretching and transverse-to-fiber
compressing loading conditions. For the case of tensile loading along fiber direction, force could
be largely attributed to the ECM based on the previous evidence that ECM was the main bearing
structure in passive muscle under tensile loadings [19, 27]. Both muscle fibers and ECM may act
as the main load undertaking tissues when the specimens subjected to transverse compressive
loading. The stiffer tensile stress-strain responses of human muscle along fiber direction observed
in our study could presumably be due to the stiffer tensile properties of ECM when compared to
the compressive properties of ECM and muscle fiber. Another reason could be the long fiber
lengths in the tensile muscle samples investigated in this study. It is well known that the passive
force-length behaviors of muscle tissues have a region of ‘slack’ [19, 110-112], in which the
muscle tissue is easily to be axial lengthened without generating forces. In our study, the human
muscle tissue was intentionally measured starting at a free stress state in tensile experiments.
However, a pretension in the sample may be generated and hence the samples were likely out of
the ‘slack region’, behaving stiffer under along-fiber stretching loading condition. The averaged
stresses for the repeated experiments as a function of strain rate at different engineering strains for
both the two loading cases were plotted, where the strain-rate effect was apparent in the range of
intermediate strain rates (Fig. 3.6).
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The resulting Ogden fits (Fig. 3.7) achieves reasonable curve fit for the experimentally
measured stress-strain curves of human muscle at quasi-static and intermediate strain rates. The
two Ogden materials parameters evaluated experimentally are summarized in Table 3.1, where the

adjusted R-Square were also summarized to quantify the curve fit.



50

Table 3.1 Ogden constants (i and o) evaluated at different strain rates for human muscle and
adjusted R-Square of the Ogden fits

_ 1 (kPa) (04 Adjusted R-Square
Strain rate(/s)
TA CT TA CT TA CT
0.01 79.2 3.2 6 8 0.91 0.99
10 201.3 22.0 6 8 0.99 0.99
100/90 298.3 35.2 6 8 0.94 0.99
a
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Figure 3.7 Ogden model fit of the human muscle’s stress-strain response (a) Stress-strain
response of human muscle parallel to fiber direction (b) Stress-strain response of human muscle
perpendicular to fiber direction
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3.5 Study limitations and improvements

Although this study effectively investigates the compressive and tensile stress-strain properties
of human muscle at quasi-static and intermediate strain rates, there exist some unavoidable
limitations and further studies are needed to build a full understanding of human muscle behavior.
First, due to the limited amount of muscle samples that could be extracted from a single muscle
group, samples in this study were prepared from three different thigh muscle. Additionally, since
the total availability of muscle tissue was limited, only tensile experiments along fiber direction
and compressive experiments transverse to fiber direction were performed, which were more
common loading conditions in practice. Furthermore, the freeze-thaw process exerted on the
human muscle specimens could influence their mechanical properties. However, previous studies
on postmortem skeletal muscle [113] provided evidence that a freeze-thaw cycle had no effect on
their passive mechanical properties. Accordingly, such specific effect, if existing in our study, was
likely limited. Finally, the experimental results in this study were obtained only on the tissues from

one donor. Effects such as age and gender are yet to be studied.

3.6 Conclusions

The specimens were deformed in stress equilibrium state during the tensile and compressive
experiments. Strain-rate effects on the non-linear stress-strain responses of human muscle were
found to be evident. It is likely that because of the stiffer tensile properties of ECM and long fiber
length of the tensile sample investigated in this study, the human muscle exhibits a stiffer
longitudinal tensile stress-strain behavior than transverse compressive stress-strain behavior. A
one-term Ogden model with two material parameters is shown to be sufficient to describe the

experimental data over a wide range of strain rates achieved in this work.
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CHAPTER 4. HIGH-SPEED X-RAY VISUALIZATION OF DYNAMIC
CRACK INITIATION AND PROPAGATION IN BOTH CORTICAL
AND TRABECULAR BONES

Adapted from:

X. Zhai, Z. Guo, J. Gao, N. Kedir, Y. Nie, B. Claus, T. Sun, X. Xiao, K. Fezzaa, W.W. Chen.
High-speed X-ray visualization of dynamic crack initiation and propagation in bone, Acta
Biomaterialia. 90 (2015), 278-286.

4.1 Abstract

The initiation and propagation of physiological cracks in porcine cortical and cancellous bone
under high rate loading were visualized using high-speed synchrotron X-ray phase-contrast
imaging (PCI) to characterize their fracture behaviors under dynamic loading conditions. A
modified Kolsky compression bar was used to apply dynamic three-point flexural loadings on
notched specimens and images of the fracture processes were recorded using a synchronized high-
speed synchrotron X-ray imaging set-up. Three-dimensional synchrotron X-ray tomography was
conducted to examine the initial microstructure of the bone before high-rate experiments. The
experimental results showed that the locations of fracture initiations were not significantly
different between the two types of bone. However, the crack velocities in cortical bone were higher
than in cancellous bone. Crack deflections at osteonal cement lines, a prime toughening
mechanism in bone at low rates, were observed in the cortical bone under dynamic loading in this
study. Fracture toughening mechanisms, such as uncracked ligament bridging and bridging in
crack wake were also observed for the two types of bone. The results also revealed that the fracture
toughness of cortical bone was higher than cancellous bone. The crack was deflected to some
extent at osteon cement line in cortical bone instead of comparatively penetrating straight through

the microstructures in cancellous bone.

4.2 Introduction

Bone is a typical composite and primarily consists of collagen and minerals [73]. It occurs in
two types: as a dense solid tissue called cortical bone and a lattice-like network structure called
cancellous bone. They are all responsible for protecting the inner soft tissues and thus could

potentially undergo dynamic loading conditions during blast and impact events, such as car
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collisions and sports accidents. For example, the in vivo loading rate in bone can reach a maximum
impact velocity as high as ~7.5 m/s during a car crash [88]. Traumatic injuries in such scenarios
can invariably lead to initiation and growth of cracks in the bone. Therefore, studying the fracture
and toughening mechanisms of both cortical and cancellous bone under high rate loading
conditions is of great importance to improve protective gear design and prevent fracture
occurrence.

It is believed that the mechanical properties and fracture toughness of cortical bone are mainly
construed by its complex architecture that builds hierarchically with collagen (protein) and
hydroxyapatite (mineral) in multiple levels [1, 2]. Consequently, multiple crack initiation and
toughening mechanisms owing to its microstructural hierarchies at different dimensional scales
could be the primary contributions to its fracture resistance at low strain rates (10°/s-10"%/s) [74,
75, 77]. As a large number of cracks occurring in bone are in microscopic length scales [74, 75],
microstructure contributed mechanisms comparing with other toughening mechanisms act more
effectively in fracture resistance in bone and thus need to be well understood. Indeed, there has
been a large body of work studying the fracture behaviors at the microscopic level in mammalian
cortical bone [37, 38, 42, 45, 73-82, 114], although most of them are focused on quasi-static strain
rates (~10°-~10%/s). Specifically, in the case where the crack-growth direction is perpendicular to
the collagen fibrils, osteonal cement lines could deflect the crack 90 degrees to largely increase
the driving force needed for subsequent crack propagation, leading to significant toughening.
Therefore, this crack deflection was regarded as the major toughening mechanism [42, 76, 83].
However, under dynamic fractures, bone could exhibit a remarkably different behavior, showing
a general transition from ductility to brittleness when compared with that under quasi-static rates
[33, 52, 58, 59, 74, 89]. Studies at macroscopic length scales [30, 51, 58, 89, 115] revealed that,
the fracture toughness of bone was lower and the fracture surface was less rough and more
cleavage-like under dynamic loadings [30, 51, 58, 89, 115] when comparing with quasi-static
loadings. Shannahan et al. [115] measured the mode | and mode |1 fracture initiation toughness
separately and found a transition from mode Il dominant fracture to a mixed mode (mode | and
mode 1) fracture as loading rate increased from quasi-static to dynamic. More interestingly, Behiri
and Bonfield [30] found a critical range of loading rates in cortical bone, above which unstable
fractures would occur in a sudden manner while below which fractures were stable and

controllable.
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Under impact and blast loading, skull or the ends of long bones, where a large fraction of
cancellous bone is distributed, could be subjected to severe fracture-induced injuries. It is equally
important to study the fracture behaviors in cancellous bone as in cortical bone. In literature,
studies have been documented to investigate the mechanical properties and fracture behaviors of
cancellous bone at either low [84] or high strain rates [53, 54, 56, 57, 116]. Under compressive
loadings at large strains, most of the broken trabeculae (the microstructure element in a form of
‘rod’ and ‘plate’ in cancellous bone), in a form of splitting along axis and fracturing in the middle
or end, were those orientated transversely to the loading direction [84]. At high strain rates (10/s-
10%/s), mechanical properties of cancellous bone, such as elastic modulus, yield and ultimate
strength, and energy to failure were reported generally higher than at quasi-static strain rates [53,
54, 56, 57, 116]. Similarly as that for cortical bone, a transition in the strain-rate sensitivity of
cancellous bone’s mechanical behaviors was also found, which occurred in the range of
intermediate strain rates (1/s-10/s) [56].

A complete investigation on fracture behavior in bone should cover the entire fracture process,
including crack initiation and subsequent propagation until the ultimate failure of the specimen.
The assessment of crack initiation has always been a difficult subject on dynamic fracture in bone.
The complex stress state in the area in front of the crack tip during dynamic loadings and the
intrigue microstructures in bone remarkably make it stand out from continuum fracture mechanics.
Although with great significance, few investigations into dynamic fractures in either cortical bone
or cancellous bone at microscopic length scales were available in the literature. Even for those
studies conducted at microscopic levels at quasi-static loading rates [38, 42, 45, 73-84, 114],
visualization of in-situ crack initiations was not provided and observations of fracture surfaces
were only restricted to postmortem specimens. Despite some research efforts have been invested
to obtain the real-time images of crack propagation in bone at macroscopic length scales [58, 89],
none provides the in-situ observations of the entire fracture process in details, such as the onset of
crack initiation and the paths taken by the crack for subsequent propagation. Such a research gap
is primarily because of either the difficulty for visualization of microstructures in bone using the
traditional optical imaging techniques or the limitations of those experimental apparatus that are
not capable to load the material at constant high loading rates. To reveal the interactions between

crack and bone microstructures at crack initiation and subsequent propagation, as well as
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identifying the fracture toughening mechanisms, a high-speed synchrotron X-ray imaging

technique was applied in this study.

4.3 Materials and methods

Pre-notched porcine cortical bone and cancellous bone specimens were prepared. X-ray
tomography was performed to document the intact microstructures in the bone specimens before
mechanical loading. A modified Kolsky compression bar was used to dynamically load the
specimens and a high-speed synchrotron X-ray phase contrast imaging (PCI) set-up was applied
to visualize the in-situ bone fracture behavior. Critical stress intensity factor was also determined
to quantitatively understand the fracture initiation toughness in bone and to investigate the effect
of different microstructures in crack resistance. In this section, specimen preparation and
measuring methods together with each of those experimental set-ups used in this study are

introduced.

4.3.1 Materials

Fresh bone used in this study was obtained from a 6-month-old Yorkshire and Duroc crossbred
male swine raised by the Department of Animal Sciences, Purdue University right after it was
slaughtered. Cortical bone was extracted from the cortices of humeral mid-diaphyses of the swine,
while the cancellous bone was from the trabeculae bony tissue of the frontal skull. Specimens with
thicknesses, B, of ~1-1.2 mm, widths, W, of ~4-4.2 mm and lengths, I, of ~18.9-21.5 mm were
carefully prepared for both cortical bone and cancellous bone using a precision saw (IsoMet 1000;
Buehler, IL, USA) cooled and lubricated with water at a low speed of 100 RPM. The cortical bone
specimens were orientated with the length and width directions parallel and perpendicular to the
long axis of the humerus, i.e., the osteonal growth direction, respectively. The cancellous bone
specimens were orientated such that its length and width directions parallel to the symmetric and
radial axes of the cranium, respectively. A notch with root radius r~200 um and initial depth
p~1.8 mm was introduced at the inner-layer edge to prepare single-edge notched bend specimens
(SENB) using the same precision saw at low speed (100 RPM). More specifically, for cortical
bone specimens, the notch (in the longitudinal-radial plane) was machined such that its direction
was perpendicular to the long axis of osteons. For cancellous bone specimens, the notch was

machined so that its direction was along the predominant trabecular direction. Specimens were not
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pre-cracked as the fatigue cycles for pre-cracking would likely induce the toughening effects and
bring more stress uncertainties in bone [58]. A total number of ten specimens, with five for each
bone type, were prepared in this study. All the specimens were kept hydrated with 1X Phosphate
Buffered Saline (PBS) throughout the entire sample preparation and transportation processes.

Figure 4.1 shows the schematics of the two types of bone specimens used in this study.
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Figure 4.1 Schematics of the porcine bone specimen

4.3.2 Three-dimensional X-ray tomography

To record the initial interior microstructure of the bone specimen that is needed in the analysis
of cracking and toughening mechanisms under dynamic loading, X-ray computed tomography
(CT) was performed on the bone specimens prior to mechanical loading. Reconstructions of the
through-the-thickness slices were then carried out using the projected X-ray images recorded at
various angles. The synchrotron X-ray CT was performed on all specimens at beam line 2-BM at
the Advanced Photon Source (APS), Argonne National Laboratory, Lemont, IL, USA. The
specimens were mounted on a rotational stage where the monochromatic X-ray beam with energy
25 keV could propagate through and thus projected images of the specimens on a complementary
metal-oxide-semiconductor (CMOS) detector (PCO; Dimax, Kelheim, Germany) of a high-speed
camera after the X-ray was converted to visible light by a single-crystal scintillator [117]. 1500
projections over 180° rotation were taken on all the specimens, with a frame size of 2560 x 960

pixels, a voxel size of 1.3 um, an exposure time of 100 ms per projection, and a frame rate of 13
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s, Figure 4.2 shows examples of reconstructed three-dimensional tomographic images of the

cortical and cancellous bone specimens.

Figure 4.2 Examples of three-dimensional tomographic images for bone specimens (a) cortical
bone (b) cancellous bone

4.3.3 Modified Kolsky compression bar

Kolsky bars have been widely used to characterize the mechanical properties of various
materials at high strain rates (10%/s-10%/s) since its first introduction in 1949 [118]. A modified
miniature Kolsky compression bar apparatus was used in this study to perform the three-point
flexural experiments on bone specimens, as schematically shown in Fig. 4.3. Due to the limited
space in the X-ray hutch at the beamline of APS 32 ID-B where the dynamic experiments were
performed, the transmission bar was replaced with a fast response quartz load cell (Type 9212;
Kisler, NY, USA), which was fixed on a solid backstop to ensure minimal load cell disturbance
stimulated from the firing mechanism [119, 120]. The striker and incident bar are manufactured
from a high-strength steel alloy (Vascomax C300 maraging steel) and they both are 12.7 mm in
diameter. The lengths of the striker and incident bar are 305 mm and 1372 mm, respectively. In
order to load the specimen with a three-point bending configuration, a two-point support steel
fixture with a span (S) of 16 mm was connected to the end of the incident bar while the one point

loading steel fixture was mounted on the load cell. This configuration allows the fracture process



58

to occur within the available X-ray window since the loading point is nearly stationary. A pair of
semiconductor strain gauges mounted on the surface of the incident bar were connected in a half
Wheatstone bridge configuration to measure both the incident and reflected stress waves. The
output from the strain gauge/Wheatstone bridge assembly and load cell were amplified by a
differential preamplifier and charger amplifier, respectively, and were recorded with an
oscilloscope simultaneously. A smoothened rectangular stress pulse was created and shaped using
a pulse shaper as the input pulse to achieve a constant loading speed on the specimen. In addition,
a single loading device was used to remove the majority of the stress amplitude in the second and
further reflected pulses from the incident bar to prevent multiple loadings on the specimens and
ensure no overload occurs in the load cell.

For experiments on Kolsky bars, one-dimensional stress wave theory relates the velocity at
sample end of the incident bar to the measured incident and reflected strain pulses as [101],

v(t)=Cq [5| (t)- & (t)] (4.1)
where v(t) is the velocity at sample end of the incident bar, CB is the elastic bar wave speed,

& (t) and &g (t) are the magnitudes of the measured incident and reflected strain pulses. The

displacement D(t) of incident bar end then is obtained by integration of the velocity,

D(t) = j;v(r) dz (4.2)

4.3.4 Integration of synchrotron X-ray PCI and modified Kolsky bar

The high-speed synchrotron X-ray PCI was synchronized with the modified Kolsky bar to
record the failure mechanisms in various materials under dynamic loadings [121-123]. Further
details of the experimental method were described elsewhere [119, 120]. In this study, the modified
Kolsky bar was used to introduce dynamic fractures and the high-speed synchrotron X-ray PCI
was applied to image the fracture behaviors of bone, as schematically illustrated in Fig. 4.3.
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Figure 4.3 Schematic of the experimental set-up that combined a modified Kolsky bar with
synchrotron X-ray PCI

X-ray PCI makes the use of the differences in the change of X-ray phases as they pass through
the multiple-constituent composed sample to enhance the contrast in the resultant images. Another
inherent advantage of using X-ray PCI is that the refraction and interference of highly coherent X-
rays could result in variations of wave intensity so that visualization of the edges at the interfaces
and cracks could be enhanced. This work principle grants the PCI technique ability to resolve
structural variations and inhomogeneities in materials. In addition, X-ray PCI can effectively
penetrate through low atomic number materials, thereby allowing the visualization of
microstructure and microcrack propagation with high spatial resolution inside specimens rather
than solely at the surface.

The high intensity, high temporal and spatial resolution X-ray PCIl experiments were
performed at the APS beamline 32 ID-B. The X-ray beam utilized a standard APS undulator A
with a period and length of 2.4 m and 3.3 cm, respectively. The Kolsky bar was placed
approximately 40 m downstream of the X-ray source and orientated 90° with respect to the beam
pathline to expose the specimen to the X-ray beam. A white X-ray beam with its fundamental
energy centered at 25 keV was employed in this study and its cross-section with a uniform
magnification of X-ray was controlled to be 2.2 mm wide and 2 mm high. The X-ray wavelengths

were converted to visible light via a single-crystal Lu3A15012 : Ce scintillator after it passed
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through the specimen (Fig. 4.3). The visible light was reflected by a 45° mirror and magnified by
a 5x microscope objective lens, eventually recorded by an ultra-high-speed camera. A Shimadzu
Hyper Vision HPV-X2 camera was used to capture the visible light images at a frame rate of
5,000,000 frames per second (fps) for four of the cortical bone specimens and three of the
cancellous bone specimens in this study, resulting in a temporal resolution of 200 ns for the images.
A frame rate of 500,000 fps and 1,086,957 fps with a resultant temporal resolution of 2 ps and
0.92 us were used for the other two cancellous bone specimens. A frame rate of 500,000 fps was
used for one cortical bone specimen. The lower frame rate of 500,000 fps was used to capture the
fracture events over a time period of an order of longer magnitude, whereas the 1,086,957 fps
frame rate synchronizes with the X-ray pulse to produce a set of images with nearly even intensity.
An output signal consisting of the timing pulses for each frame from the camera was also recorded
by the oscilloscope for synchronizing the X-ray images with the measured loads and
displacements. The spatial resolution of the imaging was estimated to be 6.4 um/pixel and the

frame size was 400 pixels in width and 250 pixels in height.

4.3.5 Dynamic fracture toughness measurements

The three-point bending experiments on Kolsky bar presented in this study were designed and
performed such that the dynamic fracture toughness measurements on SENB bone specimens were
in general accordance with ASTM standard E1820 [74]. We here evaluate the dynamic mode |
fracture toughness of bone specimen in terms of the crack-initiation stress intensity factor K¢ based
on the initial crack observed in X-ray images. Its value for a SENB specimen was calculated using
the equation [124]:

PS
K _[W} f(a /W) (4.3)

where Pj is the applied load when the micro-crack initiated, S is the span of the three-point bending

experiments and f (a,. / W) is a function depending on the sample’s geometry and initial crack

length, a;, to specimen width ratio. The initial crack length a; was estimated as the projected length
in the nominal mode-1 plane of the tortuous crack in the synchronized in-situ X-ray images. The

function f (a1. /W) was calculated using the equation [124]:
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For the dynamic three-point bending experiments performed to measure the fracture toughness
of bone in this study, qualifications for valid Kic were met for all the bone specimens, i.e., b (=W-
ao), B> 2.5(K/ovs)?, as specified by ASTM Standard E1820, where ovs is the 0.2 % offset dynamic
yield strength in tension. Due to the absence of dynamic ovs values in literature, the our for pig
bone under dynamic tensile loading (300/s), which was determined previously to be 50 MPa [125],
was used in this study to judge whether the values of fracture toughness were valid. The generated
errors by using the dynamic ourt instead of dynamic oys were considered to be small since the bone
behaves as a brittle material especially under dynamic loadings.

Images showing the fracture surfaces and crack path profiles of the postmortem specimens
were obtained using a scanning electron microscope (SEM) (Quanta FET, Thermo Fisher
Scientific, MA, USA) operated at 5 kV accelerating voltage at high vacuum and low vacuum at a

pressure of 60 Pa in the secondary electron mode.

4.3.6 Statistics

The differences in location of crack initiation, the incipient crack’s propagation direction and
fracture toughness between the cortical bone and cancellous bone were tested using the Welch
corrected t-Tests assuming different variance. Prior to t-Tests, Shapiro-Wilk (S-W) tests were
performed to check the normality of all those data. p-Values larger than 0.05 were considered
normally distributed for S-W tests while p-values less than 0.05 were regarded as statistically

significant for t-Tests in this study.

4.4 Experimental Results
4.4.1 Microstructures in bone from X-ray tomography

As shown in Fig. 4.2, the difference of the microstructures between the cortical bone and
cancellous bone is evident in Fig. 4.2a and 4.2b, where the structure of functional unit-osteon
composited with matrix are observed in dense cortical bone specimens while the cancellous bone

specimen is much more porous and mainly consists of rod and plate-like structures (trabeculae).
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Figure 4.2 provides further evidence that the orientation of osteon is aligned perpendicular to
notch’s normal direction, while the predominant direction of the functional unit-trabeculae is
observed along the notch’s direction in the cancellous bone specimen. The maximum diameter of
the osteon in the cortical specimen is measured to be ~220 um. The wall thickness of trabeculae
measured from the tomographic images for the cancellous bone specimen is in the range of 110

pHm-280 pm.

4.4.2 Insitu dynamic fracture imaging

A dynamic three-point flexural load was applied on the bone specimens using the modified
Kolsky bar facility with a loading velocity of 6.1 £ 0.1 m/s. The entire fracture process was
observed using the high-speed X-ray PCI system as described in section 2.4. The dynamic three-
point bending experiments under identical testing conditions were performed repeatedly on ten
specimens within the available beam time, with five for each of the cortical bone and cancellous
bone. The recorded high-speed X-ray images from two representative experiments for the cortical
bone and cancellous bone are cropped and provided in Figs. 4.4 and 4.5, respectively. Not
surprisingly, all the cracks were initiated at the surface of notch roots. However, instead of on the
symmetrical axis where maximum normal stress is expected, the location of the crack initiation
was on a plane with an angle to the symmetrical axis. Multiple reasons could lead to this
phenomenon, including the complex stress state in the area close to the notch surface,
microstructures of bone material and specimens geometry. For both these two representative
cortical bone and cancellous bone specimens, subsequent to the point of incipient fracture, the
crack propagated straightly for a short distance in the same direction until an occurrence of crack
bifurcation or the crack began to interact with the microstructures in bone. The entire crack paths
were observed to vary from cortical bone to cancellous bone and such variations can mainly be
attributed to the large differences in their microstructures and the relative orientations of their
initial crack paths. During the crack propagation, two major types of mechanisms were observed:
ligament bridging in the wake of crack alone or combined with fracture deflections at the osteon
cement lines, although each of them plays a different role in affecting the crack propagation in the

two types of bone.
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Crack wake
400 pm  pridging

Figure 4.4 High-speed X-ray images of a cortical bone specimen (a) t=0 us. (b) t=23.8 ps. ()
t=25.6 ps. (d) t=27.8 ps. (e) t=29.4 ps. (f) t=42.2 us. The crack initiation is indicated in b. The
cane arrows (open arrows with solid dashes) indicate the uncracked ligament bridging (in c). The
yellow arrows (solid arrows with dot dashes) indicate the collagen bridging in crack wake (in d,
e). The green arrows (solid arrows with solid dashes) indicate the ~90° crack flections (in d, e, f)
and the red arrows (open arrow with dot dashes) indicate the out-of-plane crack twists (in f)

The microstructures in cortical bone were shown clearly in Fig. 4.4. The longitudinal dark
“strip” featured the Haversian system (osteon) and the light area between the Haversian system
was the interstitial lamella (matrix). The initial notch was on the left edge of the images and its
initial normal direction was perpendicular to the osteon (Fig. 4.4). The crack was initiated at the
radius root surface of the notch (Fig. 4.4b) with an angle y of 52° to the symmetry axis. The angle
between the subsequent crack propagation direction and horizontal symmetry axis was denoted by
0 and measured to be 43°, as shown in Fig. 4.4b. The crack then propagated along the direction of
0 for a short distance and began to propagate approximately in the horizontal direction. It then
penetrated through some osteons and propagated along the horizontal direction for as long as ~406
pm until it deflected ~45° (Fig. 4.4d, e) as it encountered an osteon cement line. As the crack
continued to propagate, it deflected ~90° as it encountered another osteon cement line and traveled
along a direction inclined ~45° to the horizontal direction, showing an overall zigzag crack path.
Further crack propagation evolved more in-plane crack deflections and out-of-plane crack twists,

as shown in Fig. 4.4e, f, which generated comparatively tortuous crack paths, rough fracture



64

surface and in turn resulted in potent fracture toughening mechanisms. In addition to crack
deflections and twists, fracture toughening mechanisms such as collagen bridging in the crack
wake and uncracked-ligament bridging (Fig. 4.4c, e), commonly shown in the case where the crack
growing was parallel to the osteon direction, were also observed in the specimen

The microstructures, crack paths and consequent mechanisms of toughening were quite
different in cancellous bone. Figure 4.5 presents the high-speed X-ray images for a cancellous
bone specimen. The lattice-like structures were shown clearly in the images: dark rod and plates
represented the trabeculae and the bright areas enclosed by trabeculae denoted the pores. The crack
was initiated at the notch root that located at the left side in the images as well and the angle y and
0, with the same definition as in cortical bone specimen (Fig. 4.4b), were measured to be 37° and
24°, respectively. The crack then propagated in and penetrated through the trabeculae where it
initiated in a nearly straight path along that direction for a distance of (Fig. 4.5) ~166 um until it
reached the edge of trabeculae. Afterward, the crack penetrated through the pores in a highly
curved path along a trabecula until it reached and broke one trabecula. It may be surprising that
the crack then started to travel in a path by penetrating through trabeculae, displaying an overall
wavy crack path. Comparing with the crack in cortical bone, mild deflections over the entire crack
path were observed as the crack propagated through the whole structure and broke those trabeculae
orientated in the transverse direction in the middle or at end of the trabeculae. Uncracked ligament
bridging and crack twists (Fig. 4.5d, f) also took place during the crack propagation as fracture

toughening mechanisms.
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Figure 4.5 High-speed X-ray images of a cancellous bone specimen (a) t=0 ps. (b) t=21.8 ps.
(c) t=24.2 ps. (d) t=33 ps. () t=38.6 ps. (f) t=50 us. The definitions of the color and types of
arrow and dash are same as in Fig. 4.4

Table 4.1 Geometry parameters for onset location of crack initiation and the direction of its
subsequent propagation in bone

Angle Bone type No.1 No.2 No.3 No.4 No.5 Average SD  t-Test

Cortical bone 52° -39° 66° -51° -48° 51° 9.7° A
' Cancellous bone ~ -45° -50° 3r° 45° 44° 44° 4.7° A
Cortical bone 43° -48° 45° -51° -63° 50° 7.9° -
’ Cancellous bone ~ -25° -24° 24° 0° 0° 15° 13° -

The initiation locations of major fractures and the subsequent fracture propagation directions
in terms of angle y and 6, as defined earlier in Fig. 4.4, for all the tested 10 specimens were
measured and listed in Table 4.1. As shown in Table 4.1, all the data was normally distributed
except & for cancellous bone. It should be noted that, in Table 4.1, a positive value of angle denotes
counter-clockwise direction while a negative value denotes clockwise direction and t-Test of two
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groups with the same letter denotes an insignificant difference. The difference in y between the

cortical bone and cancellous bone was statistically insignificant.

4.4.3 Fracture toughness measurements

The corresponding synchronized load-displacement curves for the cortical bone and cancellous
bone samples (shown in Figs. 4.4 and 4.5) were plotted in Fig. 4.6a and 4.6b, respectively. The
peak loads were 24.1 N and 8.7 N and occurred at 26.6 ps and 28.8 ps for the cortical bone and
cancellous bone specimen, respectively. The points corresponding to X-ray images in Figs. 4.4
and 4.5 on the load-displacement curves were also denoted in Fig. 4.6 for reference. Using the
load-displacement curves and synchronized in-situ X-ray images of the entire fracture process, the
critical stress intensity factors of the bone specimens were calculated by Eq. (4.3), where the loads
at crack initiations were used. The resultant values of K¢ for cortical bone and cancellous bone
were listed in Table 4.2, where the p-values for S-W normality tests and Welch corrected t-tests
were also provided, indicating a statistically significant difference in fracture toughness between

the two types of bone.
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Figure 4.6 Load-displacement curves for the bone specimens with timing points indicating the
synchronized X-ray images in Figs. 4.4 and 4.5 (a) cortical bone specimen (b) cancellous bone
specimen
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Figure 4.6 continued
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Table 4.2 Fracture toughness of cortical bone and cancellous bone at dynamic loading rate

Bone type Stress intensity, Ki. (SD) S-W test Welch corrected ~Test
Cortical bone 1.61 MPaVm (0.38) 0.92
6.9%x10*
Cancellous bone 0.38 MPa-Vm (0.19) 0.96

4.5 Discussions

In this study, the crack initiated on the notch root surfaces for all the samples with some degrees
of variations in the locations. Interestingly, as shown in Table 4.1, the y was found to be
comparatively consistent and statistically independent of the bone type. This indicates that the
locations of crack initiation presumably mainly depend on the mechanical aspects, such as stress
state, instead of microstructures in bone. In terms of initial crack propagation direction, the value
of # was consistent for cortical bone while it varied significantly for cancellous bone, with three
specimens for ~24° while two for 0°. Such variations could be due to the difference in stress states
and the microstructures in the area close to the locations of crack initiation. However, by further
examining the locations of the notch in cancellous bone, we found that the case for 0° was that the
notch root surfaces were mainly in pores, whereas the cases for ~24° were that notches were on

the trabeculae. Furthermore, the values of y and 6, i.e., the shape of the trajectories at incipient
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crack for cortical bone, agreed well with the crack trajectories of a notched sample under tensile
loading that inclined ~20°-40° to the symmetry axis predicted using the minimum strain energy
density [126], indicating that a mixture of mode | and mode Il fractures in the area close to the
crack tip. It should be noted that the independence of crack initiation locations on bone type is
based on the results with a small sample size (<10) here, future study may be needed to further

confirm it.

1um  Crack wake bridging

Figure 4.7 SEM images showing the fracture surfaces and crack paths of the bone specimens (a)
top view of fracture surface of cortical bone (b) top view of fracture surface of cancellous bone
(c) a closer examination at higher magnification of the crack wake bridging of the cortical bone
(d) corresponding front view of the cortical bone and cancellous bone showing a comparison
between their crack paths

As has been reported previously that, in cortical bone, cracks tended to deflect and twist at the

osteons during its propagation and the extent of such fracture deflection effectively diminished at
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comparatively higher strain rate (0.1/s), which was evidenced with the observations of relatively
smoother fracture surfaces in the postmortem SEM images [74]. The presented SEM images in
Fig. 4.7a of the cortical bone in our study reaffirmed that crack path was less torturous in dynamic
fractures when compared with quasi-static loading rate (10°/s) [74]. However, in both of our in
situ X-ray and SEM images, there were still some extent of crack deflections that were observed
at the cement-line boundaries of the osteons. The implication of such result is that, despite the
osteon-matrix structure ahead of growing crack displaying less plasticity by deflecting crack
trajectories with limited extent, the higher mineralized osteons still contributes to fracture
toughening even under dynamic loading. Other fracture toughening mechanisms, such as
uncracked ligament bridging, crack wake bridging by fibrils were also seen in the X-ray images
and such evidence was further displayed in Fig. 4.7c.

The crack resistance in cancellous bone, on the other hand, functions in significantly different
mechanisms because of the different trabecular microstructure in cancellous bone. As shown in
Fig. 4.5, the crack took a straighter and smoother path through the overall bone structures and
broke the trabeculae mostly in middle or at ends of the connections to the ‘neighbor’ trabeculae,
and such less tortuous crack path was also verified by the SEM images shown in Fig. 4.7b and
4.7d. Before the crack reached and further propagated along the trabeculae (Fig. 4.5e and 4.5f),
the crack took a comparatively straighter path and few crack deflections and twists were observed
(Fig. 4.5c and 4.5d). In addition to fracture deflections and twists, uncracked ligament bridging
was also observed in Fig. 4.5d, although the contributions to crack resistance from all those
toughening mechanisms could be significantly diminished under dynamic loadings. The crack
propagation speed for each cortical bone (Co) and cancellous bone (Ca) specimen was calculated
using the high-speed X-ray images and plotted against the crack extension for all the ten specimens
in Fig. 4.8. Overall, the crack velocity can depend on material properties, specimen geometries,
loading conditions, etc. However, provided that the major different factor here is the type of bone
material, a comparison of wave velocity between the cortical and cancellous bone could shed a
light on the influence of their different microstructures on crack velocity. As illustrated in Fig. 4.8,
both types of specimens’ crack velocities were dependent on crack extension, while the crack
propagated at a lower speed in cancellous bone. Theoretical studies showed that crack propagating
with a lower speed relates a greater fraction of strain energy for volume change of the area in front

of crack tip [126] and thus facilitates the crack propagation with fewer bifurcations, resulting in a
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smooth crack surface. This could be further verified by the less tortuous crack surfaces observed

in high-speed X-ray images (Figs. 4.4 and 4.5) and SEM images (Fig. 4.7) of cancellous bone.
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Figure 4.8 Crack velocity-extension curve for cortical bone and cancellous bone (Co: Cortical
bone specimen, Ca: Cancellous bone specimen)

The crack-initiation toughness, Kic, of cortical bone was 1.61 MPa/Nm (SD 0.38) and roughly
three times higher than cancellous bone, which succinctly showed a higher resistance of cortical
bone to fracture initiation under dynamic loadings. It is worth noting that Eq. (4.3) for fracture
toughness is based on linear elastic fracture mechanics. The real situations in the bone specimens
were much more complicated owing to the dynamic loading conditions and mixed mode | and 11
fractures [115]. The reported K¢ in our study is determined by simply assuming there is only mode
| fracture and all the bone specimens, as a whole at macroscopic length scales, are regarded as
continuum. Crack-initiation toughness, Kic, of human cortical bone, rat cortical bone and bovine
cortical bone measured in the same transverse orientation (transverse to osteon direction) at quasi-
static loading rates were reported previously to be 2.03 MPa/N\m (SD 0.19), 2.16 MPa/Nm (SD
0.67) and 5.7 MPa/Nm (SD 1.4), respectively [127-129]. The differences could be the results of
their specimens being from different species and being from different anatomical locations. The
lower fracture toughness in this study is presumably a result of high loading rates as reported in
[33, 51, 52, 58, 59, 74, 89] that toughness decreased as the loading rate increased. Our crack-
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initiation toughness of porcine cancellous bone was in the range of the results for human cancellous
bone and equine cancellous bone measured on SENB specimens in the same longitudinal direction
at quasi-static loading rates, where Kmax values of ~0.1-0.6 MPa/Nm were reported [130]. The
radiation exposure, with a dose of ~16 kGy for cortical bone and ~18 kGy for cancellous bone,
due to X-ray computed tomography could also affect the mechanical behaviors of bone specimens
in our study. However, such effect of radiation at low dose (<30 kGy) is still controversial in
literature, with a decreasing ratio of ~22% for fracture toughness at a dose of 27.5 kGy reported in
[62] while no significant difference in mechanical properties, such as strength, strain at failure and
force at failure were claimed for radiation at 20-25 kGy in [63]. It also should be noted that the
fracture toughness of porcine bones provided in our study and other bones reported previously in
literature [30, 51, 58, 76, 77, 82, 89, 115, 127, 128, 130] could be higher than their intrinsic fracture
toughness as the cracks initiated from notches instead of pre-cracks.

4.6 Conclusions

In this study, the in situ visualization of crack initiation and propagation in hydrated porcine
cortical bone and cancellous bone under dynamic loadings were performed. Based on the
experimental results, we conclude that:

1. The experimental apparatus that combining synchrotron X-ray PCI and modified Kolsky bar
facilitated us to investigate the fracture behaviors in bone under dynamic loading. Synchrotron X-
ray tomography on each specimen helped us to gain the basic knowledge of the initial
microstructures in the specimen before mechanical loading.

2. All the cracks initiated on the notch roots. The locations of crack initiation were statistically
independent of the type of bone and the direction of subsequent crack propagation was found to
be consistent among cortical-bone specimens while varied remarkably for cancellous bone. Crack
velocity was also measured and a dependence on both bone type and crack extension was observed.
3. During dynamic fracture, multiple fracture toughness mechanisms, such as crack deflection,
twist and uncracked ligament bridging were observed for the cortical bone or cancellous bone in
the high-speed X-ray images. An overall zig-zag facture path was observed in the cortical bone
specimen while a wavy crack path with mild crack deflections occurred in cancellous bone. Such
observation was further verified by a more tortuous crack path of cortical bone in postmortem

SEM images when compared with cancellous bone.
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4. Fracture toughness in terms of the stress intensity factor at crack initiation was calculated
and the results showed a factor of 4 in fracture toughness of cortical bone than cancellous bone,
which further verified the effects of a more tortuous crack path in cortical bone in X-ray images
and SEM images.
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CHAPTERSS. REAL-TIME VISUALIZATION OF DYNAMIC
FRACTURES IN PORCINE BONES AND THE LOADING-RATE
EFFECT ON THEIR FRACTURE TOUGHNESS

Adapted from:

X. Zhai, J. Gao, Y. Nie, Z. Guo, N. Kedir, B. Claus, T. Sun, K. Fezzaa, X. Xiao, W.W. Chen. Real-
time visualization of dynamic fractures in porcine bones and the loading-rate effect on their
fracture toughness, Journal of the Mechanics and Physics of Solids. 131 (2019), 358-371.

5.1 Abstract

We visualized, in real time, the dynamic fracture behaviors in porcine cortical bone from
humerus and porcine trabecular bone from nasal bone at a high loading rate using high-speed
synchrotron X-ray phase-contrast imaging (PCI). Dynamic three-point bending loading was
applied on notched bone specimens by a modified Kolsky compression bar and images of the entire
fracture events were recorded with an ultra-high-speed camera. Experiments at a quasi-static
loading rate on material testing system (MTS) were also performed to identify the loading-rate
effects on the fracture toughness of the two types of bone. Three-dimensional synchrotron X-ray
computed tomography was conducted to examine the initial microstructures in the bone specimens
before mechanical loading. At the dynamic loading rate, the onset locations of crack initiation were
found to be independent from the bone types. The deleterious effect of dynamic loading rate on
bone’s fracture toughness was verified in this study and the crack was found to propagate at higher
speeds in cortical bone than in trabecular bone. In a comparison of the observed more torturous
crack paths at the quasi-static loading rate, cracks in dynamically loaded bone specimens generally
followed the paths with less in-plane deflections and out-of-plane twists. However, our
experimental results also indicated that, although the extent was diminished at dynamic loading
rate, the crack deflections at osteon cement lines still played a role as a major toughening

mechanism to dynamic fractures in transversely orientated cortical bone.

5.2 Introduction

Bone, as an extremely intriguing and complex biological system, is primarily responsible to
support the body and protect the inner vulnerable soft tissues. By manipulating integrations of

minerals and collagenous proteins into hierarchical architectures in multiple length levels (ranging
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from nano to sub-macro scales), bone is surprisingly one of the hardest yet lightweight materials
built in nature [1, 2]. Among those fundamental properties of bone, one with tremendous
significance is its toughness or more specifically its resistance to cracking. Cracks in bone not only
occur at quasi-static loading rate but also are more regularly associated with dynamic loading
conditions. For example, measurements of in vivo loading rates in bone suggested strain rates of
~0.007-0.02/s during walking or running [7-9], while a strain rate as high as ~25 /s for impacts
[10]. Therefore, studying bone’s fracture behaviors under both quasi-static and dynamic loadings
is important to predict the fracture risk and hence avoid its occurrence.

It is until recently that the fracture toughness of cortical bone, a denser bone tissue that
distributed mostly at the outer layer of skulls and long bones, have begun to be investigated
quantitatively with respect to its microstructures [37-39, 42, 45, 73-82]. At quasi-static loading
rates, the major toughening mechanisms were found to be varied in different loading directions
because of the bone’s anisotropy, as the crack deflections at osteon cement lines played an
important role under transverse loadings while crack-ligament bridging in the crack wake is more
prominent to inhibit further cracking when crack grows along the osteons [42, 76, 83, 131-133].
Whereas the fracture toughness of most structural materials increases with increasing mode-mixity
(the relative amount of shear to tensile loading), experimental studies showed a remarkable
decrease in fracture toughness in transverse aligned cortical bone as the mode-mixity increased
[51]. Bone is not only anisotropic but also a viscoelastic material: its mechanical behaviors depend
on loading rate significantly. Previous studies in macroscopic scales showed that, when loading
rate increased from quasi-static to dynamic, a transition from quasi-ductile to brittle fracture took
place in bone [33, 52, 58, 59, 74, 89], as the fracture toughness was largely reduced and a typical
less tortuous crack surface was observed in postmortem specimen [30, 49, 51, 115]. A numerical
study found that the initiation fracture toughness of bone decreased gradually as the strain rate
increased from quasi-static to dynamic, while the propagation fracture toughness was only
significantly sensitive to quasi-static strain rate (up to 1/s) [49]. The fracture mode in bone,
determined by the crack propagation direction (e.g., perpendicular to notch direction for mode 1
fracture and 45° for mixed mode I and Il fractures), was found to be more complex under dynamic
loading, with a mode Il dominant fracture in bone under quasi-static loading while a mixed mode

of both mode I and Il fractures at dynamic loading rates [115].
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Another common bone fracture occurred commonly in impact events, such as motorcycle
accidents and physical confrontations during sports, are fractures in facial bones, which can be
accompanied by fatal brain injuries and thus become a potential cause of death [64]. Facial bones
mainly consist of trabecular bone and they possess ‘lattice’ like bony tissue and are more porous
than cortical bone. The material and mechanical properties of trabecular bone from different
anatomical locations, such as skull, long bones and facial bones can be largely varied. Although,
in literature, the trabecular bone from skull or long bones are largely studied [54, 56, 57, 84, 116,
130], it is perhaps surprising that there are almost no corresponding works in literature to evaluate
the fracture behaviors of facial bone at micrometer length scales quasi-statically, not even to
mention dynamically. At macroscopic levels, blunt impact induced fractures of various human
facial skull bones, including mandible [67, 68], nasal [64, 65] and maxilla bones [64, 66] were
investigated with respect to their tolerance to fractures (critical forces resulting in fractures). In
their experiments, the whole human head was mounted on rigid support, which in turn was
connected to load cell to measure the impact force during dynamic loading [64-66, 68]. In terms
of human mandible bone, there was a large variation in the measured fracture tolerances (critical
forces to fractures), with a value in the range of 2500 to 3000 N reported in [67] while a value of
5270 (+ 930) N reported in [68]. The tolerance of human nasal bone and maxilla bone under blunt
impact were also determined previously, with an applied force in the range of ~450-850 N and
~970-1200 N corresponding to a 50% risk of fracture was reported for nasal bone [65] and maxilla
bone [66], respectively. The stiffness of both human nasal bone and maxilla bone under blunt
impacts were evaluated previously to be 261 (SD, 217) N/mm and 360 (SD, 142) N/mm [64].

As seen above, the majority of those research efforts invested on fracture behaviors of cortical
bone and trabecular bone in literature were either focused on macroscopic length scales or limited
to quasi-static loading rates. In addition, the trabecular bone studied previously were mostly from
the cancellous bony tissue in skull or vertebra. Consequently, in this study, we focused on in-situ
visualization of the entire dynamic fracture processes in porcine cortical bone and trabecular bone

that extracted from nasal bone and the effect of loading rate on their toughness.

5.3 Materials and methods

Single edge notched bend (SENB) porcine cortical bone and trabecular bone specimens were

prepared for the three-point bending experiments at both quasi-static and dynamic loading rates.
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Ultra-fast synchrotron X-ray tomography was performed to help understand the microstructures in
bone before mechanical loading. The dynamic three-point flexural loading was introduced using a
modified Kolsky compression bar and the entire in-situ fracture event in bone was documented
using the synchrotron X-ray PCI technique. Quasi-static experiments were performed on a material
testing system (MTS) for comparison with those under dynamic loading. Fracture initiation
toughness was calculated in terms of the critical stress intensity factor for mode-I fracture.
Scanning electronic microscopes (SEM) were used to obtain the images of fracture surfaces and
crack path profiles in postmortem specimens. The specimen preparation and all those experimental

measuring methods mentioned above are introduced separately in this section.

5.3.1 Materials
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Figure 5.1 Schematic of the bone specimen

In this study, fresh porcine bone was collected from a 6-month-old Yorkshire and Duroc cross-
bread male swine raised by the Department of Animal Sciences, Purdue University right after it
was slaughtered and was kept frozen immediately at a temperature of -20 °C. The bone was thawed
in room temperature one week prior to the experiments. Porcine cortical bone was extracted from
the medial cortices of humeral mid-diaphyses of the swine and trabecular bone was extracted from
the nasal skull bone. The specimens were cut from the entire cross-section (anterior to posterior)
of the bony tissue using a precision saw (IsoMet 1000; Buehler, IL, USA) cooled and lubricated
with water at low speed in between 100-150 RPM. All the prepared cortical bone and trabecular

bone specimens have thicknesses, B, of ~1-1.2 mm, widths, W, of ~4.0-4.2 mm and lengths, I, of
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~ 18.9-21.5 mm. The cortical bone specimens were orientated with its osteon growth direction
parallel to the length direction. The trabecular bone specimens were prepared such that the
symmetric axis of porcine nasal skull bone was parallel to the length direction. A notch with root
radius, r~180 pum and initial depth, p~1.4-1.6 mm was introduced to prepare SENB specimens
using the same precision saw at low speed (100 RPM). The notch in the cortical bone specimen
was machined such that its normal direction was perpendicular to the long axis of osteons (in the
longitudinal-radial plane). All the specimens were not pre-crakced as the pre-cracking process
would probably induce the toughening effects and bring more stress uncertainties before
mechanical characterization [58]. Ten specimens for each of the cortical bone and trabecular bone
were prepared, with five specimens selected randomly for dynamic or quasi-static experiments for
the two types of bone. Phosphate Buffered Saline (PBS) was used to keep the specimens hydrated
during the entire sample preparation and transportation process. Figure 5.1 shows the schematics

of the two types of specimens used in this study.

5.3.2 Three-dimensional synchrotron X-ray computed tomography

The interior microstructure of the bone specimen was examined by three-dimensional
synchrotron X-ray computed tomography before mechanical loading. The X-ray tomography was
performed on one representative specimen for both the trabecular bone and cortical bone at beam
line 2-BM at the Advanced Photon Source (APS), Argonne National Laboratory, Lemont, IL,
USA. The specimens were mounted on a rotational stage and a monochromatic X-ray beam with
an energy of 40 keV was used in this study. A single-crystal scintillator was used to convert X-ray
to visible light after it propagated through the specimens. The images of the specimens were
magnified by a 5x microscope objective lens and projected on a complementary metal-oxide-
semiconductor (CMOS) detector (PCO; Dimax, Kelheim, Germany) of a high-speed camera [117].
Reconstruction using a technique of 1500 projections over 180° rotation was performed on the
bone specimens. The synchrotron X-ray tomography has a frame size of 2560 x 960 pixels, a voxel

size of 1.3 pm, exposure time of 100 ms per projection and frame rate of 13 s%.

5.3.3 Integrated modified Kolsky compression bar and synchrotron X-ray PCI

The dynamic three-point bending experiments on bone specimens were performed on a

modified Kolsky compression bar apparatus (Fig. 5.2). The transmission bar was replaced with a
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low impedance fast response quartz load cell (Type 9212; Kisler, NY, USA) because of the limited
space inside the X-ray hutch at APS 32 ID-B. The striker and incident bar are manufactured from
a high-strength steel alloy (Vascomax C300 maraging steel) and they both are 12.7 mm in
diameter. The striker has a length of 305 mm and the length of the incident bar is 1372 mm. A
two-point support steel fixture with a span (S) of 16 mm was connected to the incident bar and the
one-point loading steel fixture was mounted on the load cell, which was connected to a backstop
to minimize signal disturbance [119, 120]. A pair of semiconductor strain gauges was mounted on
the surface of the incident bar and then connected in a half Wheatstone bridge configuration to
measure both the incident and reflected stress waves. The output from the strain gauge/Wheatstone
bridge assembly was amplified by a differential preamplifier while the output from load cell was
amplified by a charger amplifier. All the stress output and force output were recorded by an
oscilloscope. Pulse shapers were used to shape the created square stress pulse to achieve a constant
loading speed on the specimen. A single loading device was used to remove the majority of the
stress amplitude after the first reflected pulses from the incident bar so that the specimens were
loaded by a single pulse and no overload occurs in the load cell. For experiments on Kolsky bars,
the velocity at the sample end of the incident bar could be calculated using the measured incident

and reflected strain pulses [101],

V() =Cy[& (1) - &: (1)] (5.1)
where v(t) is the velocity at sample end of the incident bar, ¢, is the elastic bar wave speed, ¢ (t)
and ., (t) are the magnitudes of the measured incident and reflected strain pulses. The

displacement D(t) of incident bar end then can be obtained by integration of the velocity,
D(t) = j;v(r) dr (5.2)
The high-speed synchrotron X-ray PCI was synchronized with the modified Kolsky bars in
this study to record the real-time fracture behaviors in bone under dynamic loading. Figure 5.2
shows the assembly of the high-speed synchrotron X-ray PCl and the modified Kolsky
compression bar. Such experimental method was used to investigate the mechanical behaviors in
other materials under dynamic loadings [121-123] and the experimental details were well

described elsewhere [119, 120].
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Figure 5.2 Experimental set-up at dynamic loading rate (a) Schematic of the experimental setup
(b) Experimental setup in X-ray hutch at APS beamline 32 ID-B (c) A closer image for dynamic
three-point bending configuration

X-ray PCI technique possesses two main advantages in visualizing the fractures in bone. On
one hand, X-ray PCI utilizes the refraction of highly coherent X-rays and the differences in the
change of X-ray phases as it passes through the bone specimens, resulting in an edge enhancement
at interfaces in the resultant images and sharp contrasts between different microstructures in bone.
On the other hand, X-ray PCI can effectively penetrate through all kinds of bone tissues, thereby
allowing the visualization of their microstructures and fracture processes with high spatial
resolution inside bone specimens rather than solely at their surfaces. The dynamic experiments
using high intensity, high temporal and spatial resolution X-ray beam PCI were performed at the
APS beamline 32 ID-B. The Kolsky bar was placed approximately 40 m downstream of the X-ray

source and orientated 90° with respect to the beam pathline to subject the specimen to the X-ray
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beam. A white X-ray beam with its fundamental energy centered at 25 keV was employed in this
study and the cross-section of the evenly magnified beam was controlled to be 2.2 mm wide and
2 mm high. The X-ray wavelengths were converted to visible light via a single-crystal
Lu3AI5012 : Ce scintillator after it passed through the specimen and then reflected by a 45° mirror.
The visible light was magnified by a 5x microscope objective lens and eventually recorded by a
high-speed camera (Shimadzu Hyper Vision HPV-X2, Japan). A recording frame rate of 5,000,000
frames per second (fps) was used for all the five cortical bone specimens and four trabecular bone
specimens, resulting in a temporal resolution of 200 ns for all the X-ray images. A recording frame
rate of 2,000,000 fps was used for one trabecular bone specimen to record the entire fracture
process using the longer time duration of camera action. The X-ray images were 2D images and
the spatial resolution of all the X-ray images in this study was estimated to be 6.4 pm/pixel and
the original frame size was 400 pixels in width and 250 pixels in height.

5.3.4 Quasi-static experiments

The quasi-static three-point bending experiments were conducted on MTS 810. A pair of grips
made of steel was connected to the actuator and load cell to apply the three-point flexural loading.
The configuration of the grips was designed as same as that for dynamic experiments on Kolsky
bar. The displacement of the actuator was measured by a linear variable differentiate transducer
(LVDT) installed in the testing frame while the force was measured by a quartz piezoelectric load
cell (Type 9212; Kisler, NY, U.S.) with a response over a wide range of frequencies. The loading
speed for all the quasi-static experiments on both the trabecular bone and cortical bone was

controlled to be 0.01 mm/s constantly.

5.3.5 Fracture toughness measurements

The three-point bending experiments at both dynamic and quasi-static loading rates presented
in this study were designed and performed such that the fracture toughness measurements on the
bone specimens were in general accordance with ASTM standard E1820 [74]. For both of the two
loading rate cases, the fracture toughness of bone specimen was determined in terms of the crack-
initiation stress intensity Kic for mode | fracture and its value for a SENB specimen was calculated

using the equation provided in [124]:



81

S
K, {W} f (W) 53)

where P; is the applied load when the micro-crack initiated, S is the span of the three-point
bending experiments and f (ai /W) is a function depends on the specimen’s geometry [124]: the

ratio of initial crack length, aj, to specimen width, W. The initial crack length a; is the initial depth
of the pre-machined notch.

For both the dynamic and quasi-static three-point bending experiments performed to measure
the fracture toughness of bone in this study, qualifications of Kic were met for all the bone
specimens, i.e., bo (FW-ag) > 2.5(K/cys)?, as specified by ASTM Standard E1820, where ovs is the
0.2 % offset yield strength in tension. In the case where no available cvs could be found in literature
for porcine cortical bone or trabecular bone, yield strength oys or ultimate strength oyr Of porcine
bone or human bone determined previously (as listed in Table 5.1) [56, 125, 134] was used as a
replacement to examine the validation of the measured fracture toughness in this study. The
generated errors using the dynamic ouit instead of dynamic ovs was negligible as bone behaves as
brittle materials especially under dynamic loadings, while the errors were not known in this study
when the quasi-static oys of human cortical bone was used as a replacement of cys for porcine

cortical bone.

Table 5.1 Mechanical properties of bone in literature

Bone type Quasi-static Dynamic
Porcine cortical bone - our, 50 MPa (300/s) [125]
Porcine trabecular bone oy, 7.3 Mpa (0.01/s) [56] oy, 10.1 MPa (400/s) [56]
Human cortical bone oy, 108 MPa (0.002/s) [134] -

Images showing the fracture surfaces and crack path profiles of the postmortem specimens at
microscopic length scales were obtained using two scanning electron microscopes (SEM). The
first SEM (Quanta, FEI, OR, U.S.) was operated at 5 kV accelerating voltage at high vacuum and

low vacuum at a pressure of 60 Pa in the secondary electron mode. The second SEM (Nova, FEI,
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OR, U.S.) was operated at 5 kV at high vacuum so that higher magnification SEM images could

be obtained to capture the smaller microstructures in bone specimens

5.3.6 Statistics

Shapiro-Wilk (S-W) tests were performed first to check the normality of the data. To examine
the differences in fracture toughness between the loading rates and bone types, two-way ANOVA
with post-hoc tests were performed under Bonferroni correction. t-Tests was also performed to
examine the difference in geometry parameters of the crack initiation locations between different
bone types. p-Values larger than alpha level of 0.05 were considered normally distributed for S-
W tests while p-values less than 0.05 were regarded as statistically significant for ANOVA tests

this study.

5.4 Results
5.4.1 Microstructures in bone

The reconstructed three-dimensional tomographic images of the cortical and trabecular bone
were presented in Fig. 5.3a, b, respectively. The difference of microstructures is apparent between
the two types of bone, as the cortical bone is denser while the trabecular bone is more porous. The
light narrow rod alike structures (Fig. 5.3a) features the Haversian canals in cortical bone, showing
the osteons, the unit functional structures in cortical bone, are aligned parallel in the same direction.
The microstructures in nasal bone possess the typical features of trabecular bone tissue: it is lattice-
like and mainly consists of structures in shapes of rod and plates, which is named as trabeculae
and act as the unit functional frames in trabecular bone (Fig. 5.3b). However, it is also seen that
nasal bone’s trabecular bony tissue is comparatively denser and the size of its pores is smaller
when compared with trabecular bone found in skull. As verified by Fig. 5.3a, the pre-machined
notch was orientated such that its normal direction was perpendicular to the osteons in cortical
bone. The maximum diameter of the osteon in the representative cortical specimen was observed
to be ~220 um. The wall thickness of trabeculae in nasal bone was in the range of ~50 um-440
pum. The porosities of the cortical bone and trabecular bone were measured to be 15.8% (SD: 1.0%)
and 35.0% (SD: 1.7%).
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Figure 5.3 Three-dimensional tomographic images for bone specimens (a) cortical bone (b)
trabecular bone (nasal bone)

5.4.2 In-situ dynamic fracture visualization

Dynamic three-point bending experiments were performed on the bone specimens using the
modified Kolsky bar. The average loading velocity for all the dynamic experiments was calculated
to be 6.1 £ 0.1 m/s using equation (5.1). The whole fracture process, including the onset of the
fracture initiation and subsequent fracture propagation, were observed with the high-speed X-ray
PCI visualization technique. Ten experiments under identical testing conditions, with five for each
of the trabecular bone and cortical bone, were performed repeatedly to ensure data repeatability.
The recorded high-speed X-ray images (5,000,000 fps) showing the fracture processes in two
representative experiments are provided in Figs. 5.4 & 5.5 and Figs. 5.6 & 5.7 for the cortical bone
and trabecular bone, respectively. Due to the differences in microstructures of cortical bone and
trabecular bone (as seen in Figs. 5.4-5.7), the crack paths varied significantly in the two types of
specimens, as crack trajectories in cortical bone were more tortuous while they were comparatively
straight in trabecular bone. Fracture deflections at the osteon cement lines, acting as a major crack-

resistance mechanism, were observed in the cortical bone specimens under dynamic loading in
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this study. On the contrary, very limited toughening mechanisms could be observed in trabecular
bone.

Figure 5.4 High-speed X-ray images of the representative cortical bone specimens I. (a) t=0
s, (b) t=23.8 s, (c) t=25.6 ys, (d) t=27.8 us, (e) t=29.4 ys, (f) t=34.6 ps. The r was the round
notch’s root radius and the angle y was measured as the center angle between the location where
the crack initiated and the point where the round notch intersected the horizontal symmetric axis.
A positive y denotes counter clock-wise direction while a negative y denotes clock-wise
direction. The angle 0 was defined as the angle between the propagation direction of the incipient
crack (before a crack deflection occurred) and the horizontal symmetric axis.

As shown in Fig. 5.4 for the high-speed X-ray images of the first cortical bone specimen, the
irregular shaped ‘strip’ featured the lamellae in cortical bone while the light narrow lines
represented the Haversian canals (parallel to the lamellae) and VVolkmann canals (perpendicular to
lamellae). The notch, with its initial normal direction perpendicular to the osteon axis, was located
on the left edge of the figures. The two-point fixture connected to the incident bar was located on
the left side of the specimen while the one-point fixture mounted on the load cell was on the right
side. The onset of the crack initiation took place at the radius root of the notch (Fig. 5.4b) and
inclined with an angle y of ~-55° (clockwise direction) to the horizontal direction (transverse to
the osteon axis). The initial crack propagation direction, denoted by 6, was measured to be ~-46°

with respect to the horizontal axis. After propagating straightly along the initial direction for
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approximately ~287 um, the crack bifurcated into two major cracks, with one crack deflected ~90°
at first and followed closely by the other one after it further propagated a short distance along the
initial direction. As the crack continued to travel along the direction orientated ~45° to the
horizontal axis for about 1.7 mm, it deflected ~90° again, exhibiting an overall serrated crack path
and a rough fracture surface. Besides in-plane crack deflections, out-of-plane crack twists (Fig.
5.4f) also occurred at the same time and they could both act as potential toughening mechanisms
in crack resistance by largely increasing the driving force necessary for further crack propagation.
Other fracture toughening mechanisms, such as uncracked ligament bridging and crack wake

bridging were also observed in this study in cortical bone (Fig. 5.4c, d).

Figure 5.5 High-speed X-ray images of cortical bone specimens II (a) t=0 ps. (b) t=21.8 pus. (¢)
t=29.2 us. (d) t=32.8 ps. (e) t=42 s

High-speed X-ray images of the second cortical bone specimen were presented in Fig. 5.5. The
crack initiated at the notch surface and took a straight path at first by directly penetrating through
all the osteons until it deflected 90° after propagating ~600 um along the initial direction (Fig.
5.5). Afterward, the crack started traveling along an approximately horizontal path with a highly
zig-zag shape. A further discussion on such a different crack path from that in the first specimen
is provided in the next section. With the same definition as demonstrated in Fig. 5.4, the angle y
and 0 of the second cortical bone specimen were ~-49° and ~-56°, respectively.
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Figure 5.6 High-speed X-ray images of representative trabecular bone specimen | (a) t=0 pus. (b)
t=21.8 ps. (c) t=24.2 ps. (d) t=33 ps. (e) t=38.6 us

As presented in the high-speed X-ray images in Fig. 5.6, the microstructures and crack paths
were largely different in nasal bone comparing with cortical bone. The dark area in ‘rod’ and
‘plates’ shape represented the trabeculae and the bright areas enclosed by trabeculae denoted the
pores. Same as that in cortical bone, the crack was initiated at the notch root (Fig. 5.6b) on the left
side in the images. As defined in cortical bone in Fig. 5.4b, the angle vy, denoting the location of
crack initiation, and angle 0, representing the crack’s subsequent propagation direction, were
measured to be 57°/0° and 0°/-21° (two major cracks), respectively. The crack then propagated in
a long and slightly wavy path by traveling along or breaking through the trabeculae till the right
edge of the image. Comparing with the cortical bone, the entire crack path in nasal bone was

straighter, with few deflections and twists (Fig. 5.6d, f) observed during the crack propagation.
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Figure 5.7 High-speed X-ray images of representative trabecular bone specimen 11. (a) t=0 ps,
(b) t=29.2 ps, (c) t=31 ps, (d) t=48.2 us

The high-speed X-ray images of the second trabecular bone specimen were presented in Fig.
5.7. The crack was initiated at the notch root (Fig. 5.7b) as expected. The angle y and 6 were
measured to be 45° and 0°, respectively. Comparing with the first trabecular bone specimen, the
crack in the second specimen propagated along an even straighter path towards the right edge of
the bone specimen by penetrating straight through the whole microstructures. Even along such a
straight crack path, there were some mild curves along the trabeculae direction, implying the
influence of the trabecular microstructures in trabecular bone on the crack propagation at dynamic
loading rate. The load-displacement curves synchronized with the high-speed X-ray images for the
first cortical bone and first trabecular bone specimen were plotted in Fig. 5.8, where it was seen

the cracks initiated shortly before the load peaks.
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Figure 5.8 Load-displacement curves for the bone specimens (a) cortical bone specimen I (Fig.
5.4a—f) (b) trabecular bone specimen | (Fig. 5.6a—e).
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5.4.3 Fracture toughness and crack velocity

The fracture toughness in terms of crack-initiation stress intensity of mode | fracture was
determined for both loading cases by assuming that the linear elastic fracture mechanics is valid
for more porous trabecular bone and the load reached the peak as the crack initiated for the case
of quasi-static loading rate. The crack-initiation toughness, Kic was plotted against stress intensity
rate for all the 20 specimens in Fig. 5.9a, where the previously measured crack-initiation
toughness, Kic, of other bones, such as bovine cortical bone [51], equine cortical bone [58] and
human cortical bone [74] at different loading rates were also included for comparison. The average
Kic of both types of bone for each loading case was also provided with the p-values of the ANOVA
tests in Fig. 5.9b and Table 5.2. The crack extensions in each of the five dynamically loaded
cortical and trabecular bone specimens were measured using the high-speed X-ray images. The
fracture toughness, in terms of stress intensity, K and the crack propagation velocities of the bone
specimens at dynamic loading rate were then determined accordingly and plotted in terms of the

crack extension in Fig. 5.9c and 5.9d.

Table 5.2 Fracture initiation toughness for cortical and trabecular bone at quasi-static and
dynamic loading rates

Quasi-static (0.01 mm/s) Dynamic (6.1 m/s)
Stress intensity (SD)  S-W test Stress intensity (SD) S-W test
Cortical bone  3.49 MPa-\m (0.77) 0.77 2.19 MPa-\m (0.24) 0.96

Trabecular bone  1.97 MPa:Vm (0.25) 0.99 1.55 MPa-Vm (0.27) 0.94
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Figure 5.9 Fracture initiation toughness of bone at different loading rates (a) fracture toughness
of all the specimens in terms of stress intensity rate (b) average fracture toughness of cortical and
trabecular bone at quasi-static and dynamic loading rates (c) crack-resistance curves (R-curves)
in terms of the stress intensity, K, as a function of crack extension at dynamic loading rate (d)
crack velocity-crack extension curve for cortical bone and trabecular bone at dynamic loading
rate (Co: Cortical bone specimen, Tr: Trabecular bone specimen)

Similar as the trend reported previously [37-39, 75, 78], the average Kic of both types of bone
generally decreased as loading rate increased from quasi-static to dynamic (Fig. 5.9b). Specifically,
the K¢ of cortical bone statistically significantly decreased with a ratio of 37% as strain rate
increased. Such decrease in fracture toughness in bones was consistent with the observations of
the fracture surfaces in the postmortem specimens as presented in Fig. 5.10. At dynamic loading
rate, the fracture toughness of both the porcine cortical and trabecular bones (from Nasal bone)
increases as crack propagates, while the R-curve for trabecular bone increases less significantly

than the cortical bone. In general, the cracks propagated with higher velocities in cortical bone
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specimens, as the average velocity in the cortical bone was 318 m/s (SD: 29 m/s) while it was 218
m/s (SD: 14 m/s) in the trabecular bone specimens. The SEM images indicated that the cracks took
comparatively more smooth paths in dynamically loaded bone specimens (Fig. 5.10a, b), while
more tortuous fracture surfaces were observed in specimens that loaded at quasi-static rate (Fig.
5.10c, d).
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Figure 5.10 SEM images showing the fracture surfaces and crack paths of the bone specimens
(a) fracture surface of a representative cortical bone specimen under dynamic loading (b)
fracture surface of the trabecular bone specimen loaded dynamically (c) one representative
cortical bone specimen loaded at quasi-static rate (d) fracture surface of trabecular bone
specimen loaded at quasi-static rate (e) image at higher magnification showing the highly
tortuous fracture surface of cortical bone loaded at quasi-static rate (f) image at higher
magnification showing the comparatively smooth facture surface of cortical bone loaded at
dynamic rate

5.5 Discussions

5.5.1 Fracture toughness and toughening mechanisms

A complete study of fracture behaviors in bone should cover the entire fracture process,
including the crack initiation, subsequent crack propagation, fracture toughening mechanisms and
consequently its fracture toughness. In this section, each of those aforementioned aspects in the
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two types of bone under dynamic loading together with the effect of loading rate on fracture
toughness are discussed.

In terms of cortical bone, a large number of studies have reported previously that the crack
tends to deflect at osteon cement lines in transversely orientated bone (pre-machined north
direction perpendicular to osteon axis), which was regarded as the major crack toughening
mechanism at quasi-static loading rate. At comparatively higher strain rate (0.1/s), fracture
deflection was significantly decreased when compared with low rate (10-°/s) based on the SEM
images of postmortem specimens [75]. Such reduced extent of crack deflection and crack twist
was also found in our study, which reaffirmed the findings in previous studies [75]. For example,
at the quasi-static loading rate, the crack in cortical bone followed an expected extremely tortuous
crack path through the microstructure with numerous deflections and twists, as the crack deflected
almost 90° right after it initiated at the notch and then traveled along the axis of osteons (Fig.
5.10c). As shown in closer examinations at high magnifications (Fig. 5.10e), the whole osteons
protruded from the fracture surface and some cement lines containing several concentric lamellae
rose above the surface, suggesting that the crack deflected at, and then followed, the cement lines
as it propagated through the bone microstructure, which provide the major contribution to fracture
toughness of bone. However, crack deflections at the cement-line, although the extent was
diminished, still existed in those dynamically loaded cortical bone specimens (Figs. 5.4, 5.5 and
5.10a), indicating that the highly mineralized osteons still played a role in crack resistance under
dynamic fractures despite the largely decreased plasticity of the microstructures around the crack
tip. Besides crack deflections and twists, evidence in the high-speed X-ray images that ligament
bridging and bridging by fibrils in crack wake also played a role in resisting crack in cortical bone
was further verified by the SEM images as shown in Fig. Alc. On the other hand, as shown in the
high-speed X-ray images (Figs. 5.6 and 5.7) and SEM images (Fig. 5.10b), the crack in
dynamically loaded trabecular bone traveled along the trabeculae and propagated straight through
the overall bone structures, showing a slightly wavy crack trajectory. Such a straight crack path
and smoother fracture surface were mainly owing to the largely limited potential fracture
toughening in trabecular bone, which in turn could be a consequence of both the dynamic loading
and its porous microstructures. The crack path in trabecular bone under quasi-static loading (Fig.
5.10d) was found to be comparatively more tortuous than that under dynamic loading (Fig. 5.10b),

indicating that, although no statistical significant difference in fracture initiation toughness
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between the dynamic and quasi-static loading rate was found (Fig. 5.9b), there was still some
extent of potential deleterious effect on fracture toughening of trabecular bone due to dynamic
loading rate.

When a crack impinging on the interface between two different materials, whether it deflects
at the interface or more likely penetrates through the whole structure could be determined by the
theoretical equations of He and Hutchinson based on the linear-elastic fracture mechanics [135].
The equations were applied in literature for analysis of crack propagation in bone under the
assumption that the crack impinges the interface perpendicularly [74, 136, 137]. However, the
situation in our study is more complex as it is shown (Figs. 5.4 and 5.5) that the crack impinged
the interface between the interstitial lamellae (bony tissue between osteons) and osteons at ~45°.
Supposing the crack starts at the interstitial lamellae without losing the generality, the conditions
of crack penetration or deflection according to the theoretical framework of He and Hutchinson
are [135]:

{if Giy/Goq <G4 /G, Crack tend to deflect 54

or G,;/Gy >G,/G,, Crack tend to penetrate

int

where Gint and Gost are the mode | fracture toughness of the interstitial lamellae and osteons, Gd/Gp
is the ratio of strain energy release rate between crack deflection and crack penetration, which
primarily depends on the Dundurs’ parameter a = (Eint-Eost)/(Eint+Eost), @ parameter for the
mismatch of elastic tensile modulus E in plane strain state between the interstitial lamellae (Eint)
and osteons (Eost). Generally, osteons are less mineralized and they behave less stiff than the
interstitial bone tissue, i.e., Eint > Eost [49, 138, 139]. For the case where the crack impinged the
osteon cement line at 45° and the interstitial bone is stiffer, it yields a>0, giving the ratio Ga/Gp
only slightly larger than 1 (ranging from 1 to 1.05) and creating the constraint condition Gint/Gost
< 1.05 for crack deflection (Gint/Gost > 1.05 for crack penetration) [135]. This implies the generally
higher toughness of interstitial bone as it is seen in the high-speed X-ray images (Figs. 5.4 and 5.5)
that the crack propagated in cortical bone mostly by penetrating through the osteons. The observed
crack deflections could be presumably because of the local specific microstructures. For example,
in the area where the crack deflected, the local interstitial lamellae are less tough comparing with
the osteons they surrounded, resulting in the ratio Gin/Gost less than 1. However, the above
discussion on crack deflections or penetrations is mainly based on the linear elastic fracture

mechanics and by assuming there was only mode | fracture occurring in the bone. The real
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situations in bone under three-point bending are actually significantly more complicated and
multiple factors, such as the microstructures in the specific bone material, the dynamic loading
conditions and the complex mixed fracture of mode | and I, all could play roles and interact with
each other in determining the specific crack path as those observed in the cortical bone specimens
(Figs. 5.4 and 5.5).

As mentioned previously in the experimental results, the dynamic crack took a highly zig-zag
path (a large number of crack deflections in a short distance) during its later period of propagation
in the second cortical bone specimen (Fig. 5.5) and such a crack path could be due to the minor
different microstructures in the second specimen (Fig. Ala). It is well known that each Haversian
canal is surrounded by concentrically arranged lamellae and therefore they are named as concentric
lamellae [140]. Approaching the surface of the cortical bone, the lamellae are aligned parallel to
the surface and are called circumferential lamellae consequently [140]. A schematic of typical
microstructures in cortical bone is presented in Fig. A2a, where schematics illustrating the crack
propagations in the two representative cortical bone specimens (Figs. 5.4 and 5.5) are also included
(Figs. A2b and A2c). By further examining the microstructures and fracture path in the SEM
images of second cortical bone specimen, it was found that the zig-zag path (Gint/Gost < 1.05 for
crack deflection) occurred mostly at the interfaces between circumferential lamellae (Figs Ala and
Fig. A2c), suggesting that the fracture toughness of circumferential lamellae is presumably higher
than the concentric lamellae. The fracture initiation toughness, Kic of the second representative
cortical bone specimen at dynamic loading rate is 2.19 MPa-m?, which is same as the average Kic
of all the dynamic loaded cortical bone specimens. The reason is presumably that the Kic, reported
in our study, is measured with respect to the crack imitation and the microstructures (concentric
lamellae) are similar at the notches and in the areas around crack initiation locations for all the
cortical bone specimens, although the second representative cortical bone specimen exhibited
different microstructure (circumferential lamellae) in its later period of crack path. It is also worth
noting that there is only one cortical bone specimen with such highly zig-zag crack path and
circumferential lamellae microstructure, future study is needed to confirm that the highly zig-zag
crack path is a consequence of the circumferential lamellae.

At the same loading rate, it is seen that the crack-initiation toughness of cortical bone was
higher than trabecular bone (Fig. 5.9b). Such higher crack-initiation resistance of cortical bone

evaluated quantitatively was also verified qualitatively by the observed more apparent toughening
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mechanisms, such as crack deflections, twists and uncracked ligament bridging in high-speed X-
ray images, which in turn result in the much more tortuous crack path in it. It is worth noting that
our Kjc of porcine cortical bone for both the quasi-static and dynamic loading rate is at the same
level of other cortical bones [51, 131] (except for human cortical bone, showing a significantly
higher fracture toughness than other animals bones [74]) under similar measuring conditions (Fig.
5.9a). The slight difference in K. between porcine bone and other animal bones [51, 131] could
be due to the different species and anatomical locations of the specimens used in their studies. The
crack-initiation toughness, Kic of porcine trabecular bone extracted from nasal bone for both
loading cases were higher than the human trabecular bone and equine trabecular bone tested at
quasi-static loading rates previously, where Kmax values of ~0.1-0.6 MPa/\'m were reported [130].
Such higher toughness could be a result of the relatively lower porosity of the trabecular bony
tissue extracted from nasal bone than those in skull bones or at the ends of long bones. It also
should be noted that the reported crack-initiation toughness of bone specimens in our study could
be higher than the bone’s intrinsic fracture toughness as the cracks initiated from notches with
comparatively larger radius instead of pre-cracks. Comparing with the reported crack-resistance
curves (R-curves) for bovine cortical bone [58] and human cortical bone in the literature [74], it is
found that, under dynamic loading rate, the fracture toughness of porcine cortical bone is rising
less significantly than the bovine cortical bone as crack propagates. The dynamic R-curve of
porcine cortical bone also increases less significantly than the quasi-static R-curve of human
cortical bone, which can be due to the dynamic loading conditions and the different species. The
dynamic R-curves are based on the results from a small specimen population (5 specimens for
each cortical bone and trabecular bone), future study may be needed to further confirm the R-
curves presented here. In addition, the radiation exposures in our study, owing to the X-ray
tomography before mechanical loading, were ~16 kGy and ~18 kGy for the cortical bone and
trabecular bone, respectively, which can potentially apply a deleterious effect on the properties of
bone. However, the effect of such low dose radiation (<30 kGy) on the bone’s mechanical
properties was reported differently in the literature, as the fracture toughness decreased ~22%
under exposure of 27.5 kGy in [62] while no significant effect was found in strength, strain at

failure and force at failure for radiation of 20-25 kGy in [63].
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5.5.2 Crack initiation and propagating velocity

For all the ten bone samples tested under dynamic loadings, the cracks initiated on the notch
root surfaces but with a small extent of variations in their locations. Multiple factors determine the
location of crack initiation, among which there are two major aspects: intrinsic microstructures in
bone and extrinsic mechanical state because of the loading conditions. The angles y and 6, as
defined earlier in Fig. 5.4, were measured for all the ten specimens and listed in Table 5.3. As
shown succinctly, the angle y, denoting the onset location of crack initiation, was in general
consistent for all the ten bone specimens (two major cracks were observed in two trabecular bone
specimens) and statistically independent of the bone type, indicating that the locations of crack
initiation likely mainly depend on the extrinsic loading conditions: such as loading rate and stress
state, rather than microstructures in bone. However, the situation for 4, a measurement of the
propagation direction of incipient crack, was quite different: it was generally consistent for cortical
bone while varied tremendously among the trabecular bone specimens, exhibiting a significant
dependence on bone types. Provided that the loading conditions are similar in the two types of
bone, such variations could be mainly due to that, in the area close to the locations of crack
initiation, the intrinsic microstructure is the primary factor in affecting the crack propagation
direction in cortical bone while it was presumably the extrinsic tensile stress state in trabecular

bone that played a dominant role in determining the crack propagation direction.

Table 5.3 Onset location of crack initiation and the direction of its subsequent propagation in
bone

Angle  Bone type No. 1 No.2 No.3 No.4 No.5 Average SD t-Test

Cortical bone ~ -55° -55° 48° 40° -49° 49° 6.2° A
Nasal bone  -56°/0° 57°/0°  45° 49° 40° 49° 7.2° A
Cortical bone  -46° -46° 48° -43°  -56° 48° 4.9° -
Nasal bone  -40/0°  0°/-21°  0° 0° 20° 4° 8.9° -

Note: 1. A positive value of angle denotes counter-clockwise direction while a negative value denotes
clockwise direction. Two major cracks occurred in trabecular bone specimen 1 and 2.
2. No significant difference is found in y between cortical and trabecular bones according to t-Test.

The crack velocity was found to be dependent on bone types (Fig. 5.9d). Considering that the

loading condition and specimen geometry were same for the two types of bone, an observed lower
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crack velocity in trabecular bone than in cortical bone (Fig. 5.9d) indicates that the crack velocity
was influenced by the microstructures in bone. Previous theoretical studies reported that, when
crack propagating at a comparatively lower speed, the majority of strain energy is allocated to
volume change instead of shape change of the area in front of the crack tip, which results into a
crack with fewer bifurcations and therefore a smooth fracture surface in material [126]. This was
further verified in our study by the less tortuous crack path and smoother fracture surface observed

in trabecular bone than that in cortical bone.

5.6 Conclusions

In this study, the real-time visualization of the entire fracture process, including crack initiation
and subsequent crack propagation in porcine cortical bone and trabecular bone under dynamic
loadings was achieved using the technique integrating high-speed synchrotron X-ray PCI with a
modified Kolsky compression bar. Quasi-static experiments were also performed to investigate
the effects of loading rate on fracture toughness for both types of bone. The onset location of crack
initiation was found to be independent of the bone type, which was presumably due to the loading
conditions instead of microstructures. While the incipient crack propagation direction was mainly
determined by intrinsic microstructures in cortical bone while by extrinsic stress state in trabecular
bone. Under dynamic loading, the crack took a more tortuous path in cortical bone, as crack
deflected approximately 90° at osteon cement lines, acting as a major potential toughening
mechanism against crack propagation. In comparison, the crack propagated with lower speed in
trabecular bone and traveled straight through the whole microstructures, which is a consequence
of its lower crack resistance to dynamic fractures. The loading rate effect was apparent: the fracture
surfaces were more tortuous in quasi-statically loaded specimens for both types of bone and the
fracture toughness of cortical bone decreased statistically significantly as the loading rate

increased.
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CHAPTER 6. THE EFFECTS OF LOADING-DIRECTION AND
STRAIN-RATE ON THE MECHANICAL BEHAVIORS OF HUMAN
FRONTAL SKULL BONE

Adapted from:

X. Zhai, E.A. Nauman, D. Moryl, R. Lycke, W.W. Chen. The Effects of Loading-direction and
Strain-rate on the Mechanical Behaviors of Human Frontal Skull Bone, Journal of the Mechanical
Behaviors of Biomedical Materials. Under review.

6.1 Abstract

Most fatal human skull injuries occur under impact loading conditions, such as car collisions,
where the strain rates fall in the range of intermediate (1/s—10%/s) and high (10%/s—10%/s) rates.
Therefore, knowledge of the mechanical behaviors of human cranial bone at higher strain rates,
i.e., intermediate and high strain rates, may provide insight into the prevention of skull injuries and
help the design of efficient head protection systems. In the present study, the compressive
mechanical behaviors of human frontal skull bone along and perpendicular to its through-the-
thickness direction were experimentally characterized at quasi-static (0.01/s), intermediate (30/s)
and high (625/s) strain rates in this study. A total number of 75 specimens prepared from three
male donors with ages of 70-74 were separated into three groups: quasi-static (N=23), intermediate
(N=23), and high (N=29) strain rates. Experiments at quasi-static and intermediate strain rates were
performed using a hydraulically driven materials testing system (MTS), while a Kolsky
compression bar was used to load the skull bone specimen at high strain rates. X-ray computed
tomography was performed to obtain the structural parameters and visualize the microstructures
of the skull bone. The in-situ failure processes of the specimens under high-rate loading were
documented by a high-speed camera. The stress-strain responses for both diploé and cortical bone
layers of human skulls were then deduced from the experimentally determined mechanical
behaviors of human skulls using simplified mechanical models. The human skull exhibited a
loading-direction dependent mechanical behavior, as higher ultimate strength and elastic modulus
were found in the direction perpendicular to the thickness when compared with those along the
thickness direction, exhibited an increasing ratio as high as 2 and 3 for strength and modulus,
respectively. High-speed images revealed that the specimens loaded along the thickness direction

generally failed due to the crushing in diploé (the trabecular bone tissue) whereas separation of the
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entire architecture was observed as the main failure mode when compressed in the perpendicular
direction. The effect of strain rate was also evident: the skull specimens were increasingly brittle
as strain rate increased from quasi-static to high rate for both the loading directions. The elastic
modulus increased by a factor of 4 in radial direction and it increased by a factor of 2.5 in the
tangential direction across the quasi-static, intermediate and high strain rates. Significant
differences were also found in ultimate strength and work to failure as loading rate increased from
quasi-static to high rates. The results also suggested that the strength in the radial direction was
mainly depended on the diploé porosity while the diploé layer ratio played the predominant role
in tangential direction. The deduced stress-strain responses of both diploé and cancellous bone
layers in the human skulls were found to be strain-rate dependent. The strength of the cortical bone
layer obtained in this study agreed well with the data for human skull’s cortical bone in the

literature.

6.2 Introduction

Human adult cranial bone has a typical sandwich architecture: with the inner and outer layers
comprised of dense cortical bony tissue and porous spongy cancellous bone located in between.
The cortical bone layers are stiffer and display a highly randomly aligned collagen fibers [141]
while the inner lightweight trabecular core develops a homogenous lattice-like structure (lamellae)
and exhibits superior energy absorbing properties [70, 142]. A consequence of this architectural
structure is that the mechanical behaviors of the cranial bone could be highly loading direction
dependent: the porous trabecular core bears more load in radial direction than in tangential
direction, resulting in transversely isotropic mechanical properties. The cranial bone is mainly
responsible for protecting brain tissue from damage due to injuries, hence fatal traumatic damage
in cranial bone occurs under various loading conditions, especially those at the intermediate and
high strain rates involved in impact events, such as car collisions and other blunt-force impacts
[90]. For example, it was reported that the skull subjected to blunt impact or blast loading
experienced a strain rate of at least 14/s [87]. Thus, it is important to quantitatively describe the
cranium’s dynamic mechanical behaviors in those situations.

While human cranial bone has been extensively studied in the literature [69-72, 87, 90, 91,
142-150], the recorded fundamental mechanical properties of its entire sandwich structure [69-72,

142-147], such as ultimate strength or modulus, are vastly varied as shown in Table 6.1. This can
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be attributed to multiple factors: the morphological and physiological variations among the skull
subjects, various loading types applied during mechanical characterization, and different specimen
shapes and sizes. For example, studies suggested that the mechanical properties of cranial bone
are correlated to its structural parameters, such as the apparent ash density and the skull’s thickness
[48, 69, 151-154]. However, those parameters vary widely among individual skulls or even within
the same skull at different anatomical locations, which might be the primary reason for the varied
documented mechanical properties [69, 148, 149, 155-157]. Another significant factor is that many
studies used bending loads to derive the skull bone’s elastic modulus or ultimate strength [142-
147]. It should be noted, however, that the skull’s aforementioned composite structure [90, 148-

150] and its notable curvature [142-147] make the results of these techniques difficult to interpret.

Table 6.1 Summary of previous studies on human skull bones

Age Loading Loading

Bone (yrs) type Loading rate direction E (GPa) o (MPa)
F, P . _
[142] 8111 B 0.5—2.5 m/s R 7.46£5.39 (0.5 m/s)
F,P _ N . 36.5
[70] C Quiasi-static R 1.4 (0.07-3.7) (5.3—108.2)
R 2.4 (SD: 1.4) 738 (S
F,P,O . 35.2)
69] 56—73 C 0.01 in/min . 96.5 (SD:
5.6 (SD: 3.0) 35.9)
P [143] - B Quasi-static R 9.7 (SD: 1.5) -
F7 P7 Tl
O 52—83 B 10 mm/min R 5.2 (SD: 3.3)
[144]
FP T . . _ _
[145] 52—95 B 10 mm/min R 2.3—15.5
FP T _ . . _
[146] 88 B 10 mm/min R 0.9-9.3
[';'4% 6 B 4—400 mm/s R 3.60+0.92 27.18+0.23
. . 25.1
P[71] - C Quasi-static R — (11.7-39.8)
F,P,O 1
[72] 41-70 C 0.3—1.8s R 0.45+0.14 2316
Note: E = elastic modulus o = strength

F = frontal skull
P = parietal skull
O = occipital skull
T = temporal skull

C = compression experiments
B = bending experiments

R = radial direction

A = tangential direction
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Quantitative investigation of tensile and compressive specimens of human cranium can be
traced back to Evans and Lissner in 1957 [71]. The authors first studied the compressive ultimate
strength of the through-the-thickness human parietal bone and suggested a slightly higher average
strength of 167 MPa parallel to the through-thickness or radial direction, compared with average
strength of 152 MPa perpendicular to the thickness direction, or in a tangential direction [71]. Later,
Robbins and Wood measured the mechanical properties of human frontal skull and parietal skull
in compression in the radial direction and reported an average elastic modulus and ultimate
strength of 1.4 GPa and 36.5 MPa, respectively [70]. They also concluded that the human skull
was a highly brittle and viscoelastic material based on the observation of a large amount of
recoverable strain in the failed specimens [70]. In 1971, McElhaney et al. conducted a
comprehensive investigation on the entire human cranial bone, where the strength, modulus,
ultimate strain and energy to failure were provided in both the radial and tangential loading
directions [69]. The researchers suggested that the skull bone is reasonably isotropic in directions
tangent to the skull surface and their experimental results also found that large variation in the
mechanical properties was primarily due to the large variations in the porosity and internal
arrangement of the cancellous tissue, or diplog, between the cortical layers [69]. A recent study on
the compressive response of human frontal, parietal and occipital skulls was conducted at
comparatively higher strain rates (up to 1.8/s) and the mechanical properties again exhibited rate-
dependency [72].

Those studies focused primarily on lower strain-rate behaviors whereas the cranial bone is
regarded as a strain-rate dependent material. Although some research efforts were invested at
higher loading rates, but the specimens were from either single cortical layer of the skull structure
[90] or the infant skull bone [91], where the structure mainly consisted of a single cortical layer
solely and largely different from the adult cranium. In addition, these studies provided no real-
time observations of the deformation and failure processes in the skull specimens over the entire
loading process to identify failure initiation and propagation at different loading orientations.

The objective of the present study is to visualize the in-situ dynamic failure processes of the
human cranial bone under both radial and tangential compressive loadings and experimentally
characterize the correlations between its mechanical properties and microstructures over a wide

range of strain rates: quasi-static (<1/s), intermediate (1/s-10?%/s) and high strain rates (10%/s-10%/s).
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6.3 Material & methods
6.3.1 Materials & Specimens

All the operations on the human skulls, including specimen preparation, transportation and
mechanical characterization were in accordance with the Purdue University policy for use of
human cadavers for research under the guidance of Purdue University Institutional Biosafety
Committee. Human frontal skull bone specimens in approximately rectangular shape (Fig. 6.1)
were prepared from the skulls of 3 fresh (non-treated) and frozen postmortem human subject
(PMHS) donors (skull 11, skull 15 and skull 19). No history of diseases that could potentially
change the mechanical properties of the skull was reported. The physiologic information of the
donors and the number of prepared specimens are listed in Table 6.2.

(él) Coronal suture Cortical layers ‘ ‘ Load
’/ Spongy E
U AN cancellous layer Anterior/ 1 1
L{ —p 1 Radial specimen
- Load

Cutting trajectory;

Posterim\ — <
—_— P—

Frontal skull bone Skull bone piece Tangential specimen

Figure 6.1 Human frontal skull specimen preparation (a) schematic of the specimen preparation
(b) human frontal skull (c) human frontal skull pieces (d) a presentative specimen

A handheld bone saw was first used to dissect the whole frontal skull bones into multiple bone
pieces perpendicular to the coronal suture (Fig. 6.1a). Specimens were then collected by further

cutting those bone pieces through the skull’s thickness direction (radial direction) using a precision
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slow-speed diamond saw (IsoMet 1000; Buehler, IL, U.S.). The precision saw was cooled with
water to reduce any potential damage during specimen preparation. All the specimens included the
entire sandwich structure of the skull, with the outer and inner surfaces left intact, and they were
selected randomly for experiments in the radial or tangential directions. The two cases for the
tangential loading direction were not differentiated in this study since it was reported previously
that the skull is reasonably isotropic in tangential direction [69, 90]. As shown in Fig. 6.1d,
multiple images of each specimen were taken first with a dimension reference and then imported
into the imaging processing software, Image J [158] to measure its dimensions before mechanical
loading. The thickness of the specimen, also referred as the gage length, was measured as the
distance from the inner surface, close to the brain, to the outer surface, close to the skin (Table
6.2). The height and width were measured to calculate the volumes or the cross-sectional area of
the specimen. The nominal dimensions of the skull bone specimens in radial directions were ~7.2
mm in height, ~4.7 mm in width and ~7.9 mm in thickness, while the nominal dimensions of
specimens in tangential direction were ~6.3 mm in height, ~4.8 mm in width and ~7.9 mm in

thickness.

Table 6.2 The physiologic information of the donors and the number of prepared specimens

Height Weight  Thickness N (radial) N (Tangential)

Skull Sex Age
(cm) (kg)  (SD) (mm) 0.01/s 30/s 625/s 0.01/s 30/s 625/s

11 Male 70 18 104 71(15 4 4 5 4 5 5
15 Male 73 170 67 100(L1) 5 4 5 - -4
19 Male 74 188 68 85(18 4 4 5 6 6 5

Specimens loaded in tangential direction were further polished with water-irrigated 800 grit
silicon carbide paper such that the two cross-sectional surfaces cut by the precision saw were flat
and parallel to each other for mechanical loading. Dental epoxy [70] was used to flatten the curved
outer and inner cortical bone layers for those specimens such that these surfaces could bear the
compressive load along the radial direction (Fig. 6.1d). Because of the limited number of
specimens that could be prepared from the 3 skulls, a total number of 75 specimens was prepared
all for compressive experiments in this study. For each case along the two loading directions (radial
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and tangential) at the quasi-static (0.01/s), intermediate (30/s) and high (625+25/s) strain rates, at
least four specimens from the same skull (except the tangential direction for skull 0015 at strain
rate of 0.01/s and 30/s) were loaded under identical experimental conditions to ensure a sufficient
specimen population (Table 6.2). Phosphate Buffered Saline (PBS) was used to keep the specimens

fully hydrated during the entire specimen preparation and transportation.

6.3.2 Microcomputed tomography

Microcomputed tomography (micro-CT) was performed using an X-ray micro-CT scanner
(Skyscan 1272, Bruker, MA, U.S.). A total of 16 specimens, with 8 from skull 15 and 4 from each
of the other two skulls (skull 11 and skull 19) were selected randomly for tomography. The
specimens were placed on a movable and rotational stage and imaging was conducted using energy
in the range of 90—100 kV. A filter of copper with a thickness of 0.11 mm and a filter of
copper/aluminum was used for the 100 and 90 kV X-ray source, respectively. The scanning
parameters were chosen based on the condition of each specimen and listed in Table 6.3. It should
be noted that, as X-ray radiation can potentially exert a deleterious effect on the mechanical
behaviors of bone [60, 62], the specimens subjected to micro-CT scans were not applied for
mechanical characterization in this study. The tomography reconstruction software and image
analysis software were NRecon (ver. 1.7.1.0) and MATLAB (ver. R2016b).

Table 6.3 Micro-CT scanning parameters

Skull No.  Voxel size (um)  Frames per step  Step rotation (°) Random movement

11 7.5—8.0 6 0.3 19—-20
15 6.5—7.0 5—6 0.3—0.35 2123
19 7.5-8.0 6 0.3 19—-20

6.3.3 Quasi-static & intermediate strain-rate experiments

Compressive experiments at quasi-static (0.01/s) and intermediate strain rates (~40/s) were
performed using a hydraulically driven materials testing system (MTS 810). The MTS possesses
a hydraulic power unit (HPU) charged accumulator which is capable of supplying high volumes
of hydraulic fluid in a short time and therefore it is able to load the specimens at both quasi-static

and intermediate strain rates. A linear variable differential transducer installed in the hydraulic
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driven frame was used to measure the displacement of the actuator. The forces applied on the
specimens were measured by a quartz piezoelectric load cell (Type 9212; Kisler, NY, U.S.). The
load cell is capable of responding to loadings over a wide range of frequencies and hence could
measure the loads during quasi-static and intermediate strain-rate experiments. A digital
oscilloscope (MDO 3014, Tektronix, Oregon, U.S.) was used to record the displacement of the
actuator and the force exerted on the specimen. The gage length for each of the compressive
experiment was tuned according to the specimen’s dimensions and the loading speed was modified
accordingly to achieve a constant strain rate for all the tests. Petroleum jelly was used as a lubricant

to reduce the friction between the specimen and fixtures.

6.3.4 High strain-rate experiments

Striker Pulse Shaper Incident bar Specimen Transmission bar Momentum trap
v

Strain gages Strain gages

Wheatstone Wheatstone
bridge Flash bridge
i High speed I
Differential Laptop camera Differential
amplifier amplifier
' Oscilloscope !

Figure 6.2 Schematic of the high strain-rate experimental setup on a Kolsky compression bar.
When the striker impacts the incident bar, a compression stress wave shaped by the pulse shaper
is generated and recorded by the strain gages on the incident bar, which is used to trigger the
high-speed camera and flashlights. As the stress wave reaches the specimen, part of it reflects
back while the remaining propagates further into the transmission bar through the specimen.

Experiments at high strain rates were conducted on an aluminum Kolsky compression bar (Fig.
6.2). The Kolsky bar had a diameter of 19 mm for all the striker, incident bar, transmission bar and
momentum trap. The lengths of the incident and transmission bars were 3685 mm and 2134 mm,
respectively. The specimen was fixed between the incident bar and the transmission bar. The
momentum trap was used to absorb or trap the momentum generated by the impact of the striker

to the incident bar after the stress wave propagated through the transmission bar to avoid any
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potential interference in the measured signals. Similarly, petroleum jelly was used to reduce the
friction at the interfaces between the specimen and bar ends. A pair of semiconductor strain gauges
was attached on the surface of each of the incident bar and transmission bars to measure the strain
pulses during the experiments. The strain gauges were connected in a half Wheatstone bridge
configuration and then amplified by differential preamplifiers. The output of the strain pulses was
recorded with the same digital Tektronix oscilloscope. An average strain rate of 625+25/s was
controlled for all the dynamic experiments performed on Kolsky bar. Complete design and
operational information of the Kolsky compression bar for experiments on brittle materials could
be found in references by Chen and Nie [101, 159]. A high-speed camera (HPV-X2; Shimadzu,
Japan) was used to document the entire loading process of the specimens, and different recording
rates were used for the radial and tangential specimens due to the different failure mechanisms in
the two directions. A frame rate of 500,000 frames per second (fps) was used for tangential
specimens and 1,000,000 fps was used for radial specimens. A rising-edge output voltage signal
from the high-speed camera was also recorded by the same oscilloscope to synchronize each of
those recorded high-speed images to the stress and strain histories in the specimen.

A pulse shaping technique was adopted in this study to achieve a compressive pulse with a
predetermined shape to ensure that the specimens were loaded in stress equilibrium state during
the experiments [101]. By plastically deforming and hence damping the impact induced by the
striker, the pulse shaper acted to create an incident stress wave with comparatively longer rising
time, i.e., lower initial strain acceleration (the derivative of strain rate in terms of time) such that
the specimen had sufficient time to reach stress equilibrium state. A detailed description of the
mechanisms by which pulse shapers can be applied to experiments on Kolsky bars can be found
in the reference by Chen [101]. In this study, copper disks with a thickness of 0.75 mm and a
diameter of 6.35 mm were used as pulse shapers (Fig. 6.2). The stress, as determined by one-

dimensional elastic wave propagation theory [101], was given by,

Gz%EBé‘T (6.1)

where o is the stress of the specimen, Ag and As are cross-sectional areas of the bar and specimen,
respectively, Eg is the elastic modulus of the bar material, and et is the transmission signal. The
strain is calculated by integrating the measured reflected signal with respect to time using Eq. (6.2)
[101].
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&= -ZTS!ngt (62)
where ¢ is the strain of the specimen, Cg is the elastic bar wave speed of the bar material, Ls is the
gage length of the specimen, and ¢r is the reflected signal. The data reduction process of a typical

skull bone specimen at high strain rates is shown in Fig. 6.3.
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Figure 6.3 Data reduction of a representative radial skull bone specimen at a high strain rate
(~650/s) (a) raw data measured by the strain gages on incident and transmission bars (b) stress at
the front (incident + reflect) and back (transmission) ends of the specimen (c) stress-strain curve

6.3.5 Mechanical properties

The mechanical properties, including the ultimate strength (ou), ultimate strain (eu), apparent
elastic modulus (E) and work to failure (Ws) were determined for all the specimens (Fig. 6.4). The
maximum stress where a catastrophic failure took place was determined as the ultimate strength
and the corresponding strain where the ultimate strength occurred were regarded as the ultimate
strain. Apparent elastic modulus of each specimen was measured by first linearly fitting the elastic
region of stress-strain curve, which was in the similar manner as that applied in previous study
[70], and then averaging the gradients at all the points that are within +15% of the fitting line’s
gradient. The work to failure was calculated as the area enclosed by the stress-strain curve until
the failure of the specimen.
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Figure 6.4 Determination of mechanical properties for three typical types of stress-strain curves

6.3.6 Statistics

An alpha level of 0.05 was used for all the statistical analysis in this study. Shapiro-Wilk (S-
W) tests were conducted first to ensure the normality distribution of the data from specimens
within each loading condition. A two-way analysis of variance (ANOVA) with post-hoc tests
(Tukey) was performed for comparisons among the three loading rates and between the two
loading directions. A one-way ANOVA with a post-hoc Tukey test was performed for comparisons
of strength and apparent elastic modulus among the three skulls. p-Values larger than the alpha
level was considered normally distributed for S-W tests while p-values less than the alpha level

were regarded as statistically significant for the ANOVA test.

6.4 Results

6.4.1 Microstructure

From a representative three-dimensional tomographic image (Fig. 6.5a), the sandwich
structure of the skull is apparent, and no predominant directions of the lamellae in diploé was
observed (Fig. 6.5¢). The thickness of each layer was determined (Fig. 6.5b) by the onset of the
threshold porosity, as reported to be 30% in [160], and the average thickness and porosity for each
layer was also determined for all the three skulls (Fig. 6.6) using the reconstructed two-
dimensional tomographic images (Fig. 6.5c), where the images were colored solely for visual
effect using DataViewer (ver. 1.5.3.4). The overall porosity of each layer of the three skulls was
calculated by taking the average of all the scanned specimens from the same skull and the wet
weight of each specimen was also measured using an analytical balance with a sensitivity of 0.005

g. Accordingly, the average wet structural density (apparent density) were determined using the
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measured wet weight and calculated volumes, which were 0.4 g/cm? (SD: 0.04), 0.43 g/cm?® (0.03)

and 0.43 g/cm?® (0.03) for skull 11, 15 and 19, respectively.
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Figure 6.5 Topographical images of the human frontal skull specimen (a) 3D image (b) porosity
distribution in through-the-thickness direction (c) 2D images in the three orthotropic planes at
the center of the specimen
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Figure 6.6 Thickness and porosities of each layer of the three skulls

6.4.2 Failure mechanisms

The real-time failure processes of five specimens at the high loading rate were recorded for
each of the two loading directions: radial and tangential loading directions. The high-speed images
of two representative experiments are provided in Fig. 6.7 and Fig. 6.8 for respective radial
(1,000,000 fps) and tangential direction (500,000 fps). The failure mechanisms were consistent
among specimens in same loading directions yet varied significantly between the two loading
directions, as most of the specimens loaded radially crushed in the diploé section first while
delamination was observed in specimens loaded along tangential direction. High-speed images
(Fig. A5) of other representative specimens were also provided in appendix.

For a representative specimen at the radial direction (Fig. 6.7), the thickness of the entire
structure of the specimen was aligned parallel to the axis of the Kolsky bar (horizontal in the
images). In all the images, the incident bar and transmission bar were located on the left and right
ends of the specimen, respectively. The crack first initiated at the bottom edge in the diploé and
propagated along a direction of ~60° with respect to the horizontal direction (Fig. 6.7b). As the
specimen was further compressed, a major structural crush occurred in the diploé (Fig. 6.7c) and
subsequently two cracks initiated at the same time (Fig. 6.7d), with one major crack propagating
toward the bottom and top edges of the specimen along a direction of ~48° (Fig. 6.7¢). At the same
time, cracks along the interface between the cortical layer and diploé were observed and the
specimen ultimately failed by crushing into small pieces. The stress-strain curve for the

representative radial specimen is also provided (Fig. 6.7f), where the stress-strain state in the



110

specimens corresponding to each high-speed image was also denoted on the curve. The peak stress
and corresponding strain were ~42.1 MPa and 2.9%, respectively (Fig. 6.7f). It could also be seen

that peak stress was reached in the specimen approximately at the crack initiation in the diploé.
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Figure 6.7 High-speed images showing the failure process in a representative skull bone
specimen at radial direction (a) t=0 ps (b) t=56 ps (c) t= 89 ps (d) t=98 us (e) t=130 s (f)
corresponding stress-strain curve

High-speed images for a representative specimen in the tangential direction are provided in
Fig. 6.8. Similarly, the incident bar was on the left and the transmission bar was located on the
right. The specimen was sandwiched between the incident and transmission bars such that its entire
thickness was perpendicular to the axis of the Kolsky bar. As the loading started, two minor cracks
appeared, with one in the diploé and the other one at the interface between the diploé and bottom
cortical layer (Fig. 6.8b). As the incident bar further compressed the specimen, in an area close to
the impact site, the bony tissue in the diploé was crushed first (Fig. 6.8c). Approximately at the
same time, two additional cracks appeared, with one initiated in the top cortical layer and followed
closely by the other one at its interface to the diploé (Fig. 6.8c and d). The two cracks then
continued propagating towards the specimen’s right end, separating the entire top cortical layer
from the diploé and breaking the diploé into two parts, resulting in delamination of the sandwich
structure (Fig. 6.8e). The stress-strain curve correlated with the stress state of each high-speed

image for the representative tangential specimen showed that the specimen reached maximum
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stress when the separation of the structure in radial direction took place (Fig. 6.8f). The ultimate

strength and ultimate strain were 103.5 MPa and 3.4%, respectively (Fig. 6.8f).
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Figure 6.8 High-speed images showing the failure process in a representative skull bone
specimen at tangential direction (2) t=0 ps (b)t=14 pus(c)t=78 pus (d) t =94 us (e) t = 126 s

6.4.3 Mechanical behavior
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Figure 6.9 Stress-strain behaviors of representative human frontal skull specimens along radial
and tangential loading directions at quasi-static, intermediate and high strain rates



112

The stress-strain curves of representative specimens under each loading condition (loaded over
four decades of strain rates for both the radial and tangential loading directions) are presented in
Fig. 6.9. The representative specimen was selected such that its mechanical properties were closest
to the value of the average stress-strain curve of the corresponding loading condition. The stress-
strain curves for all the specimens (Fig. A6) and the average stress-strain curves for each loading
conditions (Fig. A7) are presented in the appendix for reference. Three types of stress-strain curves
of human cranial bone at quasi-static loading rate reported previously [70] were also observed in
our study (Figs. 6.4 and AB).

Stress-strain behaviors with an ‘r’ shape, typically seen in brittle materials, were observed for
most of the skull specimens (Figs. 6.9 and A6) except for some specimens in the radial direction
at lower strain rates that exhibited quasi-ductile behaviors. For lower strain rates (quasi-static and
intermediate), the stress-strain curves mainly consist of a non-linear toe region, approximately
linear elastic region, and followed by a ‘creep’ region or a region with an abrupt drop in stress,
denoting the ultimate failure of the specimen (Figs. 6.9 and A6). At the high strain rate, a highly
brittle stress-strain curve without an initial toe region is observed (Figs. 6.9 and A6), as the
specimen failed in diploé after a short linear elastic region at relatively higher stress but lower
strain. Overall, the stress-strain curve of the bone specimen shows a more brittle behavior as strain
rate increases (Figs. 6.9, A6 and A7): the ultimate strength and elastic modulus increases but the
ultimate strain decreases as the loading rate increases. Such strain-rate effect is apparent for both
the loading directions across the quasi-static, intermediate and high strain rates.

The effect of loading direction was statistically significant on all the mechanical properties of
human frontal skull bone in this study (Fig. 6.10 and Table 6.4). The effect of strain-rate was found
varied among the different mechanical properties of human frontal skull bone (Table 6.4 for the p
values of the statistics). Specifically, for ultimate strength, it increased significantly as strain rate
increased from quasi-static to intermediate while showing no statistical significance as strain rate
continued increasing to high rate. For both ultimate strain and elastic modulus, they displayed
significant differences across the quasi-static, intermediate and high strain rates: the ultimate strain
decreased while the elastic modulus increased as strain rate increased from quasi-static to high
rates. No significant effect of strain rate on work to failure was observed as strain rate increased

from quasi-static to intermediate rates nor did the work to failure significantly change as strain rate
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increased from intermediate to high rates. However, it was significantly different between the cases

of quasi-static and high strain rates.
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Figure 6.10 Mechanical properties (with SD) of the human frontal skull bone at quasi-static,
intermediate and high rates for all the three skulls (a) ultimate strength (b) ultimate strain (c)
elastic modulus (d) work to failure

Table 6.4 Statistical results for the comparisons of the skull’s mechanical properties

Properties Q-I Q-H I-H Direction Interaction = SkuIIsA
Strength  4.7x10*  7.6x10° 0.3 2.5x10°19 0.1 0.66 1.3x10°
Strain 1.1x10® 0 7.6x10° 3.3x10*  1.8x10° -
Modulus 0.01 0 0 4.0x108 0.07 0.19 0.13
Work 0.5 0.01 0.2 1.2x10°® 0.06 -
Note: Q = quasi-static, | = intermediate, H = high. The definitions of all the other symbols are same as

Table 6.1.



114

The stress-strain responses of both cortical bone layer and cancellous bone layer were
determined using the stress-strain curve for each human skull specimen based on the simple
mechanical models as shown in Fig. 6.11. For specimens loaded in radial direction, the stress
applied on the cancellous bone layer was assumed to be same as the stress applied on the entire
specimen and same among each of the three layers. Under the assumption that the cortical bone
layers were incompressible as they were significantly harder and stiffer when comparing with the
soft cancellous bone layer, the deformation of the entire radial human skull specimen was from
the cancellous bone. Therefore, the strain of the cancellous bone layer could be hence reduced via
dividing the deformation by the average thickness of the cancellous bone layer of the
corresponding skull that was measured from the micro-CT (Fig. 6.6). When the specimen loaded
in tangential direction, it was assumed that the cortical bone layers were the main load bearing
structure and took all the load applied on the entire structure. The strain of the cortical bone layers
for tangential specimen was same as the cancellous bone as well as the entire structure. Therefore,
the stress-strain responses of cortical bone layers and cancellous bone layers for each skull could

be estimated from the experimentally determined mechanical behaviors of the specimens.

b

]
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Figure 6.11 Simplified mechanical models for the mechanical behaviors of bone layers from
human skull specimens (a) cancellous bone layer from radial specimen (b) cortical bone layer
from tangential specimen



115

The average stress-strain curves of both cortical bone layer and cancellous bone layer at quasi-
static, intermediate and high strain rates for all the three skulls were presented in Fig. 6.12. The
mechanical behaviors of the two types of bone in human skulls were found to be highly strain-rate
dependent: as stiffer stress-strain behaviors were observed for both the cortical bone and

cancellous bone layers at higher strain rates (intermediate and high rates).
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Figure 6.12 Average stress-strain curves (with standard deviations) for cortical bone and
cancellous bone layers in human skulls at quasi-static, intermediate and high strain rates (a) skull
11 (b) skull 15 (c) skull 19 (Co: cortical bone layer, Ca: cancellous bone layer, Q: quasi-static
rate, I: intermediate rate, H: high rate)

6.5 Discussions

It has been stated that the modulus and strength of the skull bone is correlated to its thickness
or apparent ash density [48, 69, 151-154]. However, the apparent density is also dependent on both
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the porosity and thickness ratios of each layer of the entire sandwich structure. In this study, for
both the radial and tangential loading directions, no statistic difference in apparent elastic modulus
were found among the three skulls (Table 6.4). This implies that the dominant factors in
determination of the modulus are highly related to the diploé porosity, which is similar among all
the three skulls. Although the strength is not significantly different among all the three skulls in
radial direction it is statistically different in the tangential direction (Table 6.4). Specifically,
skull’s strength in radial direction could be highly related to the diploé porosity, while the thickness
ratio of the diploé to the entire sandwiched structure plays an important role in determining the
strength in the tangential direction (Fig. A8). For example, the average strength of skull 19 is 45 %
higher than that of skull 11 in tangential direction and the diploé ratios for skull 11 is twice that of
skull 19, suggesting that strength is related to diploé ratio (Figs. 6.6 and A8). Studies on more skull
subjects are needed in future to verify these observations to conclusions.

Owing to the sandwich structure of the human skull (as shown in Fig. 6.5), the human skull
specimens failed with different mechanisms (Figs. 6.7 and 6.8) depending on the loading direction,
resulting in different mechanical behaviors in the two directions. For example, in the radial
direction under high loading rate (Fig. 6.7), the specimen failed in the diploé in compression
presumably in shear (Fig. 6.7e) when the first stress wave reached and propagated in it. For the
tangential loading direction (Fig. 6.8), although there was a local initial crush in the specimen (Fig.
6.8c), it subsequently failed due to the separations of the diploé layer and delamination between
the diploé and cortical layers (Fig. 6.8d, e). The specimens also failed through similar mechanisms
at quasi-static and intermediate strain rates in both the loading directions (radial and tangential) as
similar failure types were observed in the postmortem specimens as presented in Figs. A3 and A4.
It also should be noted that, the failure mechanisms observed in the high-speed images in this study
were based on the visualization of the loading processes at the surface of the specimens.

Most of the specimens exhibited brittle stress-strain curves at intermediate and high strain rates
along both the radial and tangential loading directions (Fig. 6.9). In the radial direction especially
at quasi-static rate, ductile-like stress-strain curves were found for some specimens while others
exhibited brittle behaviors (Fig. A6). The plastic deformation or buckling of the trabeculae in
diploé can be a reason for such observed ductile behaviors of the skull. An initial toe region that
was specific for lower strain rate case occurred less frequently in specimens loaded at high strain

rates, especially in the tangential direction (Fig. A6). Such toe regions were likely a result of the
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plastic deformations or buckling of some trabeculae in diploe layer. As the strain rate increased
from quasi-static to high rates or the skulls were loaded in tangential direction, the less frequently
occurring toe region indicated that the skulls were more brittle at higher rates as well as in
tangential loading direction.

The mechanical properties of the human skull bone could be strongly direction dependent as
the failure mechanisms were entirely different in the two loading directions. The ultimate strain is
smaller at quasi-static strain rate and it takes more work to fail the specimen in tangential direction
at intermediate and high rates. For example, at high strain rate, the work to failure in tangential
direction is approximately twice of that in radial direction (Fig. 6.10). In addition, the largest
increasing ratios of tangential to radial loading direction are as high as 2 and 3 for strength and
modulus (Fig. 6.10), respectively, which indicates a more brittle mechanical behavior in the
tangential direction. Such higher compressive ultimate strength and modulus yet smaller ultimate
strain along tangential loading direction than radial direction at quasi-static strain rate (0.01 in/min)
were also reported in the literature [69]. However, at quasi-static loading rate, no significant
difference in work to failure between the two loading directions was found in this study and similar
results was also reported in [69].

The effect of loading rate in the range of quasi-static rate on the mechanical behaviors of human
bone has been investigated in the literature and a transition from ductility to brittleness was
reported [10, 33, 74, 90]. Such a trend in human cranial bone in this study was also observed over
the quasi-static, intermediate and high strain rates: the specimen shows an increasing brittleness as
strain rate increased. The loading rate effect is succinct on all the mechanical properties as the
strain rate increases from quasi-static to high strain rates (Fig. 6.10 and Table 6.4), with the elastic
modulus and ultimate strain varies vastly across all the three rates. For example, the elastic
modulus increased by a factor of 4 across the quasi-static, intermediate and high loading rates
along radial direction and it increased by a factor of 2.5 along tangential direction (Fig. 6.10). A
significant difference in ultimate strength was observed between quasi-static and intermediate
strain rates and work to failure was statistically different between quasi-static and high strain rates.

Table 6.5 lists the previously determined mechanical properties of human cortical and
cancellous bones for comparison with our results (marked with star in the first row) [47, 71, 134,
148-150, 161, 162]. As seen, the strength of human frontal skull bone at the quasi-static strain rate
obtained in this study agrees with those reported in [69-72] (Table 6.1). It is also found both the
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strength and elastic modulus of the skull are lower than those of cranial bone’s cortical layer [71,
148-150]. This indicates that the trabecular bone plays an important role in determining the
mechanical properties of the entire cranial bone structure. However, the strength of cranial bone
specimens is higher than that of the trabecular bony tissue extracted from human vertebra and long
bones [47, 161, 162], which could imply that the strength of the diploé is higher or there is a
strengthening effect of the entire sandwiched structure. It also should be noted that the elastic
modulus presented here falls in the range provided in [70, 72] (Table 6.1) while it is lower than
those in [69] (Table 6.1).

Table 6.5 The mechanical properties of human cortical and cancellous bone tissues at quasi-static

rates
Bone Age N
location Type (yrs) Rate Direction E (GPa) o (MPa)
: R 0.39 (SD: 0.09) 25 (SD: 5.8)
F* Entire 2474 0.01s?
structure A 1.2 (SD: 0.34) 54 (SD: 10)
P [148] Cortical 58—88 — - 10.6—21 —
Fl 07 Pl
T,Z Cortical 27—100 — 3D 10.4—23.4 —
[149]
F,P,0O, . ) 4 . 64.95+21.08
T [150] Cortical 41-70 4s A 12.01+3.28 (Tensile) (Tensile)
. R - 166.4 (31.0—323.4)
P[71] Cortical - -
A - 152.5 (85.5—329.6)
\Y 0.067 (SE: 0.007) 2.45 (SE: 0.24)
Ve;tgi) ral Cancellous 15—87 2 mm/min
[161] L 0.020 (SE: 0.003) 0.88 (SE: 0.12)
Vertebra
andlong  -oncellous  31—69  0.01 s 3D 0.001—1.5 0.1-16
bones
[162]
Proximal . .
tibia [47] Cancellous  42—76 - - 0.49 (SD: 0.33) 2.22 (SD: 1.42)
Femoral
neck Cancellous 51—85  0.005s? R 18+2.8 135.3+34.3
[134]

Note: 3D = three orthotropic directions, L. = horizontal, V = vertical, Z = zygomatic skull. The definitions of
all the other symbols are same as those in Table 6.1.

The effect of strain rate is also apparent in the stress-strain behaviors for both cortical bone
and cancellous bone layers that determined from the resultant compressive mechanical behaviors

of entire human skull structure using the simplified models (Figs. 6.11 and 6.12). For all the three
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skulls, when strain rate increases from quasi-static to intermediate first and then to high rates, the
strength and elastic modulus increase while the ultimate strain decreases for both cortical bone and
cancellous bone layers, showing transitions from quasi-ductile to highly brittle in their mechanical
behaviors. For example, the strength of cortical bone layer for skull 19 increases 76% and the
corresponding increasing ratio is 30% for its cancellous bone layer. The strength of cortical bone
layer at quasi-static strain rate obtained in this study are found fall in the range of strength of
human skull’s cortical bone layers that determined previously in literature. It also should be noted
that, the mechanical behaviors for the cortical bone and cancellous bone layers in human skulls in
this study are solely rough estimations. Significant errors (Fig. 6.12), potentially originating from
the applications of ideal mechanical models and average human skull’s structural properties, could
be generated in deducing the stress-strain curve of either the cortical bone layer or cancellous bone
layer for all the three skulls.

6.6 Conclusions

In this study, the compressive mechanical behaviors of human frontal skull bone were
characterized along radial and tangential loading directions at quasi-static (0.01/s), intermediate
(30/s) and high strain rates (625/s). The entire in-situ failure process of the specimens at high strain
rate was also visualized for both the loading directions. Specimens were crushed in the diploé and
failed presumably along the maximum shear stress direction when loaded along the radial direction.
On the other hand, separation of the entire bone structure was observed as the main failure
mechanism for specimens loaded in the tangential direction. The mechanical properties of human
cranial bone were both loading direction dependent and strain rate sensitive. Stiffer mechanical
behaviors were observed in the tangential loading direction than in radial direction, with increasing
ratios of 2 and 3 for strength and modulus, respectively. For both the loading directions, the
ultimate strength and elastic modulus of the specimen at high strain rate were significantly higher
while the ultimate strain is smaller than that at quasi-static strain rate, demonstrating an increasing
brittle mechanical behavior as the strain rate increases. The mechanical properties of the skulls in
both the loading directions were dependent on the diploé porosity more significantly while the
modulus was found to be more sensitive to diploé ratio in tangential direction. Estimations simply

based on ideal mechanical models and average skull structural properties showed that the
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mechanical behaviors of both cortical bone layers and cancellous bone layers were strain-rate

dependent.
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CHAPTER 7. THE EFFECTS OF LOADING-DIRECTION AND
STRAIN-RATE ON THE MECHANICAL BEHAVIORS OF HUMAN
FRONTAL SKULL BONE

Adapted from:

X. Zhai, Y. Nie, J. Gao, N. Kedir, B. Claus, T. Sun, K. Fezzaa, W.W. Chen. The effect of loading
direction on the fracture behaviors of cortical bone at a dynamic loading rate, Journal of the
Mechanical and Physics of Solids. Under review.

7.1 Abstract

In this study, the dynamic cracking processes in porcine cortical bone were visualized in real-
time using the high-speed synchrotron X-ray phase-contrast imaging (PCI) technique in three
osteon orientations: in-plane transverse, out-of-plane transverse and in-plane longitudinal. The
dynamic flexural loading applied on the pre-notched bone specimens was introduced by a modified
Kolsky compression bar. High-speed X-ray images of the entire loading events were documented
with a high-speed camera. Three-dimensional X-ray micro-computed tomography was conducted
to examine the intact microstructures and obtain the basic material properties of the bone material
used for mechanical characterizations. The onset location, where crack initiated, and the
subsequent direction, along which the incipient crack propagated, were measured quantitatively
using the high-speed X-ray images and the latter was found dependent on the osteon direction
significantly. The crack propagation velocities were dependent on crack extension over the entire
crack path significantly for all the three directions while the initial velocity for in-plane
longitudinal direction was lower than the other two directions. Straight-through crack paths were
observed for in-plane longitudinal specimens while the cracks were deflected and twisted in the
in-plane transverse direction. For out-of-plane transverse direction, the cracks follow paths with
tortuosity fall in between the other two directions, showing a mixed mode of fractures of the former
two extreme cases. The toughening mechanisms, visualized by the high-speed X-ray images, and
the corresponding fracture toughness, evaluated in terms of fracture initiation toughness and crack
growth resistance curve (R-curve), were also found significantly different among the three osteon
directions, suggesting an overall transition from brittle to ductile-like fracture behaviors at the
dynamic loading rate (5.4 m/s) as the osteon orientation varies from in-plane longitudinal to out-

of-plane transverse, and to in-plane transverse eventually.



122

7.2 Introduction

Built as a hierarchical assembly of collagenous protein and minerals in multiple length scales
[1-4], bone is found to be a tough, adaptive and self-remolding yet lightweight material in nature.
It serves as not only a loadbearing framework of the body, but also a protective gear for the inner
vulnerable soft tissues. In recent years, the fracture toughness of bone, especially at dynamic
loading rates, (> 1 m/s) is of increasing interests for researchers attempting to model the cracking
in bone that mostly associated to impact events, such as car collisions or sports accidents [4].

It is believed that the crack initiation or propagation is energetically favorable when the elastic
energy gained by the advance of a crack is no less than the energy required for an additional new
crack surface [163, 164]. Therefore, the more energetic gain needs for cracking, the more
toughening mechanisms (or energy dissipation) exist, and the more difficult it is to fracture a
material. In reality, microscopic cracks are always largely distributed in bones, but the hierarchical
features in its structures develop various toughening mechanisms (Fig. 7.1) [42, 73, 76, 77, 83,
163-171], ranging from nanoscopic to macroscopic length scales, making them remarkably
resistant to cracking [163].

~ 1~
e Crack wake
Viscoplastic Microcrack bridging

Crack
deflection

Unbroken
region

Figure 7.1 Mechanisms of toughening developed in bone



123

As a typical toughening mechanism at the nanoscale, viscoplastic flow near the crack tip,
owing to the ‘sacrificial bonds’ in collagen fibrils, dissipates the strain energy used for creating a
new fracture surface and thus functions as a mechanism of toughening in bone [42, 73, 164].
Moreover, the formation of microcracks at nanoscopic length scales dilates the area around the
major crack tip, compressing the crack from further propagation effectively and acting as a
toughening mechanism [42, 163, 165]. It is also found that such microcracks, ahead of the main
crack, plays a critical role for the development of other toughening mechanisms in macroscopic
scale, notably crack bridging and crack deflection, typically at scales of few microns and above
[42, 83, 166, 167]. Specifically, crack bridging is associated with the unbroken collagen fibrils that
bridge the gap in the crack wake and therefore increases the driven force necessary for further
crack extension, acting as a toughening mechanism in bone [42, 76, 77, 163, 165, 168, 169]. It is
also proposed that unbroken region between a major crack and other minor cracks initiated in front
of it plays a role in consuming the driving force otherwise applied to develop the crack, which
regarded as a common crack-resistance mechanism (unbroken-region bridging or uncracked-
ligament bridging) in bone [76, 77, 83, 163, 165, 168, 170]. Particularly when crack propagates
perpendicular to osteons, crack deflection or twist, as deviation from the direction of maximum
tensile stress, tends to occur at the interlamellar boundaries (inside the osteons) or the cement lines
(between osteons and interfaces), which reduces the local stress field, necessitates the reinitiation
of the crack following local arrest, and correspondingly increases the toughness significantly [42,
76, 77, 163, 165, 171]. These toughening mechanisms in bone are found dependent on crack
propagation direction significantly as a consequence of its anisotropic microstructures, which in
turn results in the largely varied fracture toughness in different osteon orientations. For example,
previous studies found that bone is more difficult to break than to be split, i.e., bone is much
tougher when the crack propagates perpendicular to the axis of the osteon rather than parallel to it
[76, 83, 165]. The main reason behind why this fact is that, in transverse loading direction, the
crack must penetrate through the osteons and hence the crack deflection or twist at the cement
lines, one of the most effective toughening mechanisms found in bone, plays the predominant role.

Although there has been indeed a large amount of studies investigating the fracture behaviors
of bone [42, 73-77, 83, 115, 163-172], most of them aimed at either the transverse-to-fiber
direction or the quasi-static loading rates [42, 76, 83, 131]. However, bone’s fracture behaviors are

found to be not only anisotropic [42, 76, 83, 131-133, 172], but also regarded as a rate-sensitive
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[30, 33,49, 52,58, 59, 74, 89, 115] property. Specifically, when loading rate increases, the fracture
toughness of bone diminishes and less tortuous crack surfaces are observed, suggesting an
increasingly brittle fracture [33, 52, 58, 59, 74, 89]. In addition, most of the data for fracture
toughness of bone in literature were available only in terms of a single parameter, such as fracture
toughness, K, or the strain energy release rate, Gc. While it is appropriate using K¢ or G to evaluate
the fracture toughness for many materials, the resistance to fracture in bone actually increases as
crack propagates in most of the cases, which therefore requires a resistance-curve (R-curve)
fracture-mechanics approach [77]. Accordingly, in this study, we evaluated the R-curve behaviors
of porcine cortical bone in three osteon orientations at a dynamic loading rate and visualized, in
real-time, the entire dynamic fracture processes to identify the corresponding toughening

mechanisms.

7.3 Materials and methods

Single edge notched bend (SENB) porcine cortical bone specimens were prepared for the
dynamic three-point bending experiments. Micro-computed tomography (micro-CT) was
conducted to obtain the basic material properties of the bone materials. A modified Kolsky
compression bar was used to apply the dynamic three-point bending loading to the specimens and
the entire in-situ fracture event was imaged using the synchrotron X-ray PCI technique. By
synchronizing the load histories and the high-speed X-ray images, the fracture toughness of the
cortical bone specimens was determined in terms of the critical stress intensity factor for mode-I
fracture. A scanning electronic microscope (SEM) was used to take images of the fracture surfaces
and crack path profiles of the postmortem specimens. Introductions of the specimen preparation
and descriptions of all those experimental methods mentioned above are presented separately in
this section.

7.3.1 Materials

Fresh porcine cortical bone from the femur of a 2-year-old Yorkshire female swine was
collected right after it was slaughtered. The swine was raised by the Department of Animal
Sciences at Purdue University. We prepared the cortical bone specimens following the methods
introduced with detailed information in reference by Zhai [173, 174]. The average thicknesses, B,
widths, W, and lengths, I, of all the specimens were ~0.81 (SD: 0.06) mm, ~3.0 (SD: 0.1) mm, and
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~16 (SD: 0.2) mm, respectively. The specimens were also pre-notched with the root radius, r, of
~170 um and initial depth, p of ~1.4-1.6 mm. Specimens in three osteon orientations (anatomical
locations), in-plane transverse, out-of-plane longitudinal and in-plane longitudinal were prepared:

in-plane transverse (medial-lateral) — the nominal direction of the notch is in the plane of the
osteons but perpendicular to long axes of the osteons,

out-of-plane transverse (anterior-posterior) — the nominal direction of the notch is out of the
plane of the osteons and perpendicular to the long axes of the osteons,

in-plane longitudinal (proximal-distal) — the nominal direction of the notch is in the plane of
the osteons and parallel to the long axes of the osteons.

A total number of 25 specimens, with 9 for in-plane longitudinal direction and 8 for both the
other directions, were prepared in this study. The specimens were not pre-cracked as the pre-
cracking process would probably induce the toughening effects and bring more stress uncertainties
before mechanical characterizations [58]. Phosphate Buffered Saline (PBS) was used to keep the
specimens hydrated during their preparation and transportation. All the operations on porcine
bones were in accordance with the policy for use of animal subjects for research under the guidance
of Purdue University Institutional Biosafety Committee. A schematic illustrating the specimen

preparation is provided in Fig. 7.2.

Pig femur -

Posterior In-plane longitudinal
Lateral Medial (proximal-distal)
Proximal

Out-of-plane transverse
(anterior-posterior)

Distal

— Cortical bone In-plane transverse
(medial-lateral)

Figure 7.2 Schematic of the bone specimen preparation
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7.3.2 Three-dimensional X-ray micro-computed tomography

To obtain the intact microstructures of the porcine cortical bone used in this study, three-
dimensional computed tomography was performed using an X-ray micro-CT scanner (Skyscan
1272, Bruker, MA, U.S.). Two specimens from each of the three directions were selected randomly
for micro-CT and they were not applied for mechanical characterizations due to the potential
deleterious effect of the X-ray radiation [60, 62]. The specimens were mounted on a movable and
rotational stage where the X-ray, with an energy level of 80 kV, penetrated through to obtain the
microstructures in the potential cracking regions of the specimens. A filter of 1 mm thick aluminum
was used for the scans. For all the micro-CT scans, the resolution was 4904 x 3280 in pixels , and
the resultant voxel size was controlled to be 0.9 um, respectively. Despite the highest resolution
was applied, the micro-CT scan was performed within a band region (~4.4 mm x 3.0 mm), where

the notch was enclosed and fracture took place, rather than the entire specimen.

7.3.3 Integration of modified Kolsky compression bar and synchrotron X-ray PCI
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Figure 7.3 Schematic of the experimental setup in X-ray hutch at APS beamline 32 ID-B

The inherent advantages using the experimental technique that combines the synchrotron X-
ray PCI and Kolsky bar were introduced in our previous works [101, 119-123, 173, 174]. The same

experimental technique, as illustrated by a schematic in Fig. 7.3, was also used in this study to
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apply the dynamic three-point bending loadings and to record, at the same time, the entire cracking
processes in the 19 specimens (N=7 for 9 for in-plane longitudinal direction, and N=6 for both the
in-plane transverse and out-of-plane transverse directions). Because the X-ray beam size is limited
within 2.2 mm x 2.0 mm, specimens with smaller dimensions than those used in our previous
works [173, 174] were prepared here to obtain the full views of the entire crack paths in the high-
speed X-ray images. Correspondingly, a pair of fixtures for three-point bending experiments with
smaller configuration was designed. The one-point loading steel fixture was connected to the
incident bar and the two-point support steel fixture with a span (S) of 12 mm was mounted on the
load cell. A recording frame rate of 1,000,000 frames per second (fps), with a temporal resolution
of 1 us, was used for one in-plane transverse specimen, two out-of-plane transverse specimens and
one in-plane longitudinal specimen to record the fracture process with longer time duration of
camera action. A higher recording frame rate of 5,000,000 fps was used for all the other specimens
and the temporal resolution were accordingly 200 ns for the X-ray images. The spatial resolution
of all the high-speed X-ray images was estimated to be 6.4 pm/pixel and the frame was 400 pixels
wide and 250 pixels high.

The velocity and displacement at the sample end of the incident bar were reduced using the
recorded incident and reflected strain pulses by applying the equations found in references by Zhai
and Chen [173].

7.3.4 Fracture toughness

The crack extensions during the entire cracking process in each specimen were determined
using the recorded high-speed X-ray images. The corresponding fracture toughness, in terms of
the stress intensity factor, K, for mode | fracture, was thus evaluated for all the bone specimens
and the qualifications of the determined K were also examined based on the equations and criteria
provided in ASTM standard E1820 [124]. The calculations of K. and the examinations of its
qualification as fracture toughness of the bone were described in detail in reference by Zhai [173,
174].

7.3.5 Imaging of the postmortem fracture profiles

Images showing the fracture surfaces and crack path profiles of the postmortem specimens at

microscopic length scales were obtained using a scanning electron microscope (SEM). The SEM
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(Nova, FEI, OR, U.S.) was operated at 5 kV accelerating voltage at high vacuum in the secondary
electron mode to obtain the images of fracture surfaces in full view and capture the smaller

microstructural features in the specimens.

7.3.6 Statistics

An alpha level of 0.05 was used for all the statistical analysis in this study. Shapiro-Wilk (S-
W) tests were performed first to examine the normality of the data. A one-way ANOVA with post-
hoc tests was then performed under Bonferroni correction to test for the comparisons in fracture
toughness and geometry parameters of the incipient crack profiles among the specimens in the

three osteon orientations.

7.4 Results

The microstructures of the porcine cortical bone were presented in the reconstructed three-
dimensional tomographic images. The high-speed X-ray images of the representative specimens
that are orientated in each of the three directions were provided to understand their fracture
behaviors and identify the toughening mechanisms at the dynamic loading rate. The fracture
toughness and crack velocities, as functions of crack extensions, were determined quantitatively
to understand their crack resistance to dynamic cracking in different directions. SEM images,
showing the fracture profiles in postmortem specimens, were also provided to help study their
dynamic fracture behaviors qualitatively. All the results mentioned above are presented and

described separately in this section.

7.4.1 Microstructures in bone

The reconstructed three-dimensional tomographic images of the representative bone
specimens in the three directions were cropped using Image J and presented in Fig. 7.4. Typical
cortical bone microstructures are observed for all the scanned specimens. The light narrow rod
alike structures feature the Haversian canals in in-plane transverse specimen (Fig. 7.4a), showing
that the osteons, as the unit functional structures in cortical bone, are aligned perpendicular to the
notch. As also verified by Fig. 7.4b, the osteons are perpendicular to the notch plane and orientated
transverse to the nominal direction of the pre-machined notch for out-of-plane transverse

specimen. As shown in Fig. 7.4c, the osteons are in the same plane and orientated parallel to the
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notch. The average porosity was also estimated to be ~1.4% (SD: 0.6%) for all the specimens
subjected to micro-CT scans. It is worth noting here the 3D tomographic images of the specimens
presented in Fig. 7.4 are all in front views to succinctly show the relative orientations between the
microstructures and notches. 3D images of the specimens in other views were provided in the
appendix (Fig. A9).
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Figure 7.4 Three-dimensional tomographic images for bone specimens (a) in-plane transverse
specimen (b) out-of-plane transverse specimen (c) in-plane longitudinal specimen

7.4.2 In-situ dynamic fracture visualization

The average loading velocity, i.e., the velocity at the sample end of the incident bar, for all the
dynamic three-point bending experiments was calculated to be 5.6 + 0.1 m/s. The entire cracking
process, including the onset of the crack initiation and subsequent fracture propagation, was
visualized thanks to the high-speed X-ray PCI imaging technique. The experiments for all the 19
specimens were performed under identical measuring conditions to minimize all the other
experimental variables except the osteon direction. The recorded high-speed X-ray images of three
representative specimens (5,000,000 fps) orientated in each of the three directions were cropped
using Image J and presented in Figs 7.5—7.7. As a consequence of different osteon orientations
(with respect to the crack propagation direction), the crack paths are varied significantly among
the three representative specimens, as comparatively more tortuous crack trajectories were
observed for the in-plane transverse and out-of-plane transverse specimens (Figs. 7.5 and 7.6)

while straighter crack profile was found in the in-plane longitudinal specimen (Fig. 7.7).
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Figure 7.5 High-speed X-ray images of a representative in-plane longitudinal specimen (a) t =0
ps, (b) t=22 s, (c) t=23 us, (d) t =26.6 us (e) t = 31.6 ps (f) corresponding load-displacement
curve. The r was the round notch’s root radius and the angle y was measured as the center angle
between the location where the crack initiated and the point where the round notch intersected
the horizontal symmetric axis. The positive sign in front of y denotes counter-clockwise direction
while the negative sign denotes clockwise direction. The angle 8 was the angle between the
propagation direction of the incipient crack (before a crack deflection occurred) and the
horizontal symmetric axis.

The high-speed X-ray images of a representative in-plane transverse (medial-lateral) specimen
are provided in Fig. 7.5, where the one-point fixture was on the left side and the notch was located
on the right edge. In the X-ray images, the bright narrow lines aligned perpendicular to the nominal
direction of the notch (parallel to the osteons) are the Haversian canals, while those bright lines
aligned parallel to the notch (perpendicular to the osteons) are Volkmann canals. For the
representative in-plane transverse specimen, one major crack initiated at the radius root of the
notch (Fig. 7.5b) with a highly twisted and curved fracture surface, showing two different initiation
locations at the front and back surfaces (across the width direction) of the specimens. The inclined
angles, y, to the horizontal symmetric axis for the two crack initiation locations on the front and
back surfaces were ~-48° and -39° (Fig. 7.5b), respectively. The propagation direction of the
incipient crack (before an occurrence of crack deflection), described by 6 (Fig. 7.5b) was measured
to be ~-56° and -34° to the horizontal symmetric axis. After propagating straightly along the initial
crack direction for approximately ~287 um, the crack first deflected ~110° and then further
traveled a distance of ~910 um along that direction until another crack deflection of ~90° took
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place (Fig. 7.5c¢, d). After continuing to propagate along a comparatively straight path orientated
~45° to the horizontal symmetric axis for about ~480 um, the crack deflected ~100° again and
advanced to the left edge of the specimen in a slightly wavy path, finally resulting in an entire
failure of the specimen (Fig. 7.5e). Overall, the crack path was highly serrated, and the fracture
surface was rough (Fig. 7.5e). During the entire cracking process, crack twists and unbroken-
region bridging were also observed and they both acted as potential toughening mechanisms (Fig.
7.5¢ and d) in such direction. The corresponding load-displacement curve (Fig. 7.5f) showed that
the crack initiation occurred prior to the maximum force and the entire specimen was still capable
to bear the load until the end of the incipient crack phase (Fig. 7.5c).

High-speed X-ray images of a representative out-of-plane transverse specimen were presented
in Fig. 7.6. The microstructures were revealed under the synchrotron X-ray, as the irregular shaped
dark area were the osteons that aligned perpendicular to the X-ray images and the bright areas
surrounding the osteons were the interstitial lamellae (interfacial materials). As expected, the
crack-initiation also took place at the notch. The angle y and 8, describing the crack-initiation
location and incipient crack propagation direction, were measured to be 52° and 0°, respectively.
Comparing with the in-plane transverse specimen (Fig. 7.5), the crack path in the out-of-plane
transverse specimen was generally straighter and less curved. The crack first propagated along the
interfacial bony tissues in a short distance of ~330 um (Fig. 7.6b) and then directly cut through all
the osteons it encountered as it propagated toward the left edge of the specimen until it traveled
another distance of ~1.1 mm (Fig. 7.6d). As the crack impinged upon the interface between two
osteons again, it bifurcated into two cracks, with one continued propagating in the interstitial
lamellae while the other drove forward by splitting the osteon into multiple parts (Fig. 7.6e).
Shortly, the two cracks converged into one at the interstitial lamellae and started to propagate
forward along the cement lines or interstitial lamellae until it finally failed the entire specimen
(Fig. 7.6e). Slight extent of crack deflections and/or twists were only observed in the late period
of the cracking process (Fig. 7.6e), resulting in a comparatively smoother crack trajectory.
Unbroken-region bridging was also observed as a mechanism of toughening in the X-ray images
of such out-of-plane transverse specimen (Fig. 7.6¢). As shown in the load-displacement curve in
Fig. 7.6f, the crack initiated shortly before the maximum load and the force dropped gradually after

the incipient crack period.
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Figure 7.6 High-speed X-ray images of two representative cortical bone specimens. (a) t =0 ps,
(b) t=15.6 s, (c) t=17.6 s, (d) t =22.8 ps, (e) t = 29.6 s, (f) corresponding load-
displacement curve.

As presented for the high-speed X-ray images of a representative in-plane longitudinal
specimen in Fig. 7.7, where the long axes of osteons were orientated approximately in the same
direction (with a misorientation of ~15°) as the notch’s nominal direction, the crack developed an
overall smoother and straighter trajectory than the other two representative specimens (Figs. 7.5
and 7.6). The crack was also initiated at the notch root (Fig. 7.7b) that located on the right side in
the images. As defined earlier in Fig. 7.5, the angle y, denoting the location of crack initiation, and
angle @, representing the crack’s subsequent propagation direction, were measured to be 41° and
11°, respectively. The crack propagated along a straight path by first penetrating through the
microstructures for a distance of ~700 um and then traveled along the osteon cement lines for
another ~900 um (Fig. 7.7c-e). Afterward, the crack curved its propagation direction slightly to
cut through the osteons and finally broke the entire specimen (Fig. 7.7¢e). In general, few crack
deflections and twists were observed along its entire crack path and, in the X-ray images, only
unbroken-region bridging was found acting as a main toughening mechanism. Similar as that for
out-of-plane transverse specimen, the load-displacement curve indicated that the crack initiated
shortly ahead of the peak load and the force started to drop rapidly as the crack continued to
propagate after the incipient crack phase.
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Figure 7.7 High-speed X-ray images of a representative in-plane longitudinal specimen (a) t=0
s, (b) t=12.6 s, (c) t =14.4 s, (d) t =20.2 s, (e) t = 26.8 s, (f) corresponding load-
displacement curve.

7.4.3 Fracture toughness and crack velocity

The crack extensions in each bone specimen were measured using the high-speed images that
synchronized with the recorded load-displacement data. The dynamic fracture toughness in terms
of stress intensity factor of mode | fracture at each step of crack extension was thus determined
using Eq. (5.3) for all the specimens in the three osteon directions. The fracture toughness, K, was
then plotted as a function of crack extension as shown in Fig. 7.8a, where the crack-growth
resistance curves (R-curves) were also provided for reference. The average fracture initiation
toughness, K, of the specimens was provided with the p-values of the statistical tests in Fig. 7.8b.
All the specimens exhibited rising R-curves while the degree of growth was varied as the osteon
orientation changed among the three directions. The average K|c increased in general as the osteon
orientation changed from in-plane longitudinal to out-of-plane transverse first and then to in-plane
transverse finally, with a significant statistical growth by 80% found between the in-plane

longitudinal and in-plane transverse directions.
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Figure 7.8 Fracture behaviors of porcine cortical bone in different osteon orientations at dynamic
loading rate (a) crack-growth resistance curves (R-curves) (b) average fracture initiation
toughness (c) crack velocity of the specimens in terms of crack extension. The crack velocity
data for all the specimens are plotted, where the crack velocity-crack extension curves of three
specimens representing the average curves of their corresponding osteon orientations are also
provided (d) initial crack velocity and minimum crack velocity (*: p<0.05)

The crack propagation velocities of all the specimens for the three osteon orientations were
determined and plotted in terms of the crack extension in Fig. 7.8c, where the crack velocity-crack
extension curves of three specimens representing the average crack velocities of their
corresponding osteon orientation were also presented for comparison. For all the specimens, the
crack velocity was dependent on the crack extension significantly and exhibited similar variation
trend: the crack propagated with a higher initial speed upon the crack initiation for a short period
and then dropped continuously until reached the minimum value and finally turned to grow up

again. It was also found that, although the average initial crack propagation velocity for the in-
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plane longitudinal direction was lower than the other two directions (Fig. 7.8d), the cracks
ultimately propagated at similar speeds for all the specimens in the three directions (Fig. 7.8c and
d).

The SEM images of the postmortem specimens are provided in Fig. 7.9 to demonstrate the
differences in crack profiles among the three osteon orientations. The cracks in in-plane transverse
specimens took more rugged paths and the fracture surfaces were more tortuous than the specimens
in the other two directions. It is clearly seen the concentric lamellae were aligned perpendicular to
the crack path and the osteons were mostly cut through directly in transverse by the crack, with
only several lamellae protruding from the fracture surface (Fig. 7.9a and d), suggesting that the
crack was deflected or twisted as it impinged upon the cement lines, which made a major
contribution to the fracture toughness in such direction. However, the in-plane longitudinal
specimens developed expected the smoothest and straightest crack trajectories among all the three
directions (Figs. 7.9c): the crack propagated straight through the microstructure along the axis of
osteon with fewest crack deflections and twists. As shown in the image with higher magnification,
the osteons were either incised by the crack at a small angle with respect to its axis or split entirely
along the longitudinal direction (Figs. 7.9f), indicating that the crack followed the concentric
lamellae as it traveled in the bone microstructure. The tortuosity of crack path for out-of-plane
transverse direction generally fell in between that in the other two directions and even varied
among the specimens in such direction. In other words, some of the cracks traveled along
comparatively more curved paths (Figs. 7.9b) as those for in-plane transverse specimens (Fig.
7.9a) while others (Fig. 7.6), similar to those in-plane longitudinal specimens, created smoother
trajectories (Figs. 7.7 and 7.9c). The image at a closer view showed that the osteons were either
split radially or cut through transversely by the crack (Fig. 7.9f), which was a mixed mode of the
two main failure types observed in specimens in the other two directions. In addition, proof for
crack wake bridging as a mechanism in resisting crack from propagation in in-plane transverse

specimens was also provided (Fig. A10).
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Figure 7.9 SEM images showing the fracture surfaces and crack paths of the porcine bone
specimens in three osteon orientations at dynamic loading rate (a) an overview for the fracture
surface of the in-plane transverse specimen (b) a full view for the fracture surface of the out-of-

plane transverse specimen (c) an overview for the fracture profile of the in-plane longitudinal
specimen (d) a closer image with higher magnification showing the fracture surface of the in-
plane transverse specimen (e) a closer image showing the fracture profile of the out-of-plane
longitudinal specimen (f) a closer view with higher magnification showing the fracture surface of
the in-plane longitudinal specimen

7.5 Discussions

In this section, the effect of osteon orientation on the dynamic fracture behaviors of cortical
bone are discussed on multiple aspects covering the entire fracture process, which includes the
crack initiation, incipient crack propagation direction, crack propagation velocity, fracture

toughening mechanisms and consequently fracture toughness.

7.5.1 Incipient crack and crack velocity

For all the 19 porcine cortical bone specimens subjected to dynamic three-point bending
loadings in this study, the cracks initiated on the notch root surfaces as expected. The onset
locations of crack initiation and incipient crack propagation direction are only slightly varied
within the specimens aligned in the same direction. The angles y and 6, defined as the geometry



137

parameters of the initial crack in Fig. 7.4b, were measured for all the specimens and listed in Table
7.1, where the statistical results of ANOVA tests were also provided. The geometry parameters (y
and 6) can be dependent on many factors, among which two aspects play the most important roles:
the intrinsic microstructures around the notch and extrinsic mechanical states because of the
loading conditions. Specifically, the angle y, defining the onset location of crack initiation, is
merely varied among all the specimens in in-plane transverse and out-of-plane transverse
directions, i.e., insignificant difference is found between the two directions. Although the y of the
specimens for in-plane longitudinal direction, according to the statistical analysis, is significantly
different from the other two directions (in-plane transverse and out-of-plane transverse), the
difference of mean values is comparatively small (14%), indicating that the crack initiation
location is likely dependent on the extrinsic loading conditions rather than to the osteon orientation,
or the microstructures around the notch, which is consistent with the experimental results of our
previous works [173, 174]. On the other hand, the situation for the propagation direction of the
incipient crack, as defined to be 4, is consistent for the specimens within the same direction but
largely different among the three osteon orientations. Specifically, the incipient crack propagates
along a direction that is largely deviated from the horizontal direction for in-plane transverse
specimens, while the initial crack direction, as measured to be ~9°—10°, is only slightly inclined
to the horizontal direction (the specimen’s symmetrical axis) for the specimens in the other two
directions. Provided that both the intrinsic microstructure and extrinsic loading condition play
significant roles in determining the incipient crack propagation direction, such variation is mainly
a consequence of the interactions between the two factors: the extrinsic loading conditions is the
primary factor for out-of-plane transverse and in-plane longitudinal specimens while it is
presumably the intrinsic microstructures that play the dominant role in in-plane transverse
specimens [173, 174]. It should be noted that the horizontal propagation direction of incipient
crack indicates a primarily tensile stress state and a predominant mode | crack in the two former
directions while the largely deviated initial crack direction from the horizontal direction can be a

consequence of the mixed crack modes | and Il in the latter direction [115, 175].
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Table 7.1 Onset location of crack initiation and the direction of its subsequent propagation
No. No. No. No.

Angle Direction 1 2 3 4 No. 5 No.6 No.7 Mean SD ANOVA
IL 360 430 440 40 9 g4 S 42 3 A
14° 44°/0°

y oT 45°  -50° 52°  46° -49° -45° - 48°  3° B
IT 46° -55°  -49°  48° 44° ";%! i - 48°  4° B
IL 18° -10° -13° 15° 18°/0° 11° 0°/0° 100 70 A

) oT -14° -10°  ©0° 5° -24° -3° - 9° 9° A
IT 42°  -45° -50° -44° 41° _%(31"/_ - 46°  6° B

Note: 1. A positive value of angle denotes counter-clockwise direction while a negative value denotes
clockwise direction. Specimens with two values of y and & denote either two major cracks or one crack
showing two different paths on front and back surfaces of the specimens, and only the first value is chosen
for statistical analysis.

2. Values of y and € denoted with the same letter between any two groups are insignificantly different, while
values of y and ¢ denoted with different letters between any two groups are significantly different in
ANOVA tests.

The crack propagation velocity is a function of many factors, such as the material’s
microstructure, stress state, crack mode, loading rate, specimen geometry and size. In this study,
the crack velocity is found to be dependent on crack extension significantly over the entire crack
path and a similar variation trend is observed for all the specimens in the three directions: the
velocity drops first while grows up again as the crack extends continuously. The statistical results
suggest that, although the cracks in specimens propagate with largely varied initial velocities
among the three directions, the crack velocity-crack extension curves of all the specimens finally
converged (Fig. 7.8d) and the cracks ultimately travel at similar speeds for most of the specimens.
A theory relating the crack propagation speed and crack bifurcation was proposed by Sih in [126],
where it is suggested that, when crack is propagating with a lower speed, the majority of strain
energy in the area in front of the crack tip is allocated for volume changing rather than shape
changing, which in turn tends to develop a crack path with fewer bifurcations and hence results in
a smoother fracture surface. Such relation is further verified in our study: during the initial crack
phase, less tortuous crack path and smoother fracture surface are observed in most of the in-plane
longitudinal specimens (Fig. 7.7) while bifurcations occur more frequently in the specimens in the
other two directions (Figs. 7.5 and 7.6). Comparing with our previous works where the crack

velocity is less sensitive to crack extensions, the crack velocity varies significantly as the crack
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propagates in specimens in this work. This is mainly because that the recorded images of the
cracking process enclose the entire specimen since smaller specimens are used in this study, and
consequently, the crack propagation velocity plotted in Fig. 7.8 are based on the specimens’ full
crack paths rather than that just based on the earlier crack paths in [173, 174]. However, it is worth
noting that the initial crack propagation speeds of the in-plane transverse specimens provided in
Fig. 7.8 are within the same level as those reported in our previous works for specimens in the
same direction [173, 174].

7.5.2 Fracture toughness and toughening mechanisms

Previous studies in the literature suggested that the large variation found in cortical bone’s
fracture toughness at quasi-static loading rate can be mainly attributed to the transition in its
toughening mechanisms when the loading direction continuously changes from along the osteon
to transverse to the osteon [42, 76, 83]. In our study, it is found that such a transition in toughening
mechanisms and consequently the fracture toughness still remains even at dynamic loading rate,
although it is widely believed that bone always turned into a significantly brittle material as loading
rate increased from quasi-static to dynamic in no matter which osteon orientation. To resist the
crack initiation along the osteon orientation, the cortical bone developed an average toughness Kic,
of ~1.2 MPa-m'?, whereas the average fracture initiation toughness is ~2.1 MPa-m*? for the in-
plane transverse specimens, which is nearly a twice increase. The K¢ for out-of-plane transverse
direction varied more significantly among the specimens, with its average value measured to be
~1.7 MPa-m*?, which falls in between that of the other two directions. This is likely due to that
the out-of-plane transverse specimen’s microstructure around the notch can be either similar to
one of the other two directions or a combination of both the extreme cases. All the specimens
exhibit rising R-curves as cracks extend, but the degree of growth for the in-plane transverse
specimen is significantly higher than the in-plane longitudinal specimen and it lies in between the
former two directions for out-of-plane transverse direction. For example, as shown in Fig. 7.8a,
after only a crack extension of 1.2 mm, the fracture toughness, K, increased more than eight times
of the initial values for the in-plane transverse direction, but it only increased by a factor of five
for the in-plane longitudinal direction. As the osteon orientation continuously changes from in-
plane longitudinal to out-of-plane transverse first and to in-plane transverse finally, the

corresponding continuous variations found in both the fracture initiation toughness and R-curves
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suggest a transition, from a highly brittle to a comparatively ductile-like fracture behavior, also
takes place even at dynamic loading rate.

The dynamic fracture initiation toughness, Kic, of the in-plane transverse specimens obtained
in this study is lower than but at the same level as those of porcine, bovine and equine cortical
bones that measured in the same orientation at dynamic loading rate in other works [51, 58, 173,
174]. Such a slight difference in Kic can be owing to the different species, anatomical locations and
specimen dimensions of the bone used in their studies [51, 58, 173, 174]. Comparing with the few
available R-curves of bones in the in-plane transverse direction in literature [58, 77, 170, 174], the
dynamic R-curves of porcine cortical bone presented in Fig. 7.8 are increasing more rapidly than
the dynamic R-curves of porcine cortical bone [174] as well as bovine cortical bone [58] reported
in previous works, which is primarily due to the smaller specimens used in this study, and the
differences in bone’s breeds, ages, species and anatomical locations.

The real fact behind the observed transition in fracture toughness is that different toughening
mechanisms are developed in bone and they play different roles in cracking resistance in different
osteon orientations. Indeed, the transition found in fracture toughness evaluated quantitatively is
verified by the observed transition in toughening mechanisms unveiled by the high-speed X-ray
images. When the crack propagates perpendicular to the osteons as the case for in-plane transverse
specimen, the cement lines that aligned roughly transverse to major crack act as cracking barriers
to deviate the growing cracks significantly from its original direction, causing marked crack
deflections and twists (Fig. 7.5), which in turn necessitates higher applied load for further cracking
and provides the major contribution to the high toughness consequently [165]. In addition, other
mechanisms, such as crack-wake bridging and unbroken-region bridging, also play roles in such
in-plane transverse specimens (Figs. 7.5, 7.9 and A10). The primary mechanism of toughening is
quite different for in-plane longitudinal specimens, where the main crack propagates longitudinal
to the osteons, generating a straight crack path and smooth fracture surface. In such case,
microcracks initiated ahead of the major crack tip lead to the formation of unbroken regions along
the crack length (Fig. 7.7), which acts to bridge the main crack and to carry the load that would
otherwise be applied to develop the major crack [165]. For several of the in-plane longitudinal
specimens with a small misorientation (~8° inclined from the notch direction), the slightly
misaligned fibrils behind the crack tip can also act as crack bridges to reduce the driving force for

further crack propagation [42]. However, the toughening resulting from mechanisms of unbroken-
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region bridging and crack wake bridging is far less potent than that due to crack deflection/twist
[76, 83], leading to a comparatively low toughness in the longitudinal direction. The case for out-
of-plane specimens is in between the above two extreme cases, where a transition in toughening
mechanism, from crack deflections or twists dominant to unbroken-region bridging dominant
occurs and crack-wake bridging disappears (Fig. 7.6).

The transition in toughening mechanisms observed in high-speed X-ray images are further
confirmed by the SEM images of the postmortem specimens (Fig. 7.9). The crack paths for in-
plane transverse specimens are highly tortuous and cranked (Fig. 7.9a). Crack deflections and
twists, although diminished to some extent compared with the quasi-static situation, still exist and
act as the primary toughening mechanisms at dynamic loading rate. Besides crack deflections and
twists, evidence that crack-wake bridging by fibrils in the in-plane transverse specimen is also
provided by the SEM images as shown in Fig. A10. Owing to the limited potential mechanisms of
toughening for in-plane longitudinal specimens, cracks propagate straight through its entire
microstructures along the lamellae direction and most of the osteons were directly split either along
the cement lines or interlamellar boundaries, generating an overall highly smooth trajectory (Fig.
7.9¢). Cracks in out-of-plane transverse specimens travel along paths with fewer crack deflections
and twists than the in-plane transverse specimens, showing comparatively less rough fracture
profiles. Some osteons were cut through transversely while others were split longitudinally,

suggesting a mixed mode of fractures in such direction.

7.6 Conclusions

In the present study, the entire fracture process, including crack initiation and subsequent crack
propagation in cortical bone in three osteon orientations at dynamic loading rate was visualized,
in real-time, by the integration of high-speed synchrotron X-ray PCI technique with a modified
Kolsky compression bar. The onset location of crack initiation is found largely deviated from the
plane of maximum tensile stress for all the specimens, while the initial crack propagation direction
varies significantly among the different osteon orientations. It is found that crack propagation
velocity is dependent on crack extension significantly, and the initial crack velocity is lower for
the in-plane longitudinal direction than the other two directions. Both the fracture toughness,
measured in terms of stress intensity factor, and the toughening mechanisms observed in high-

speed X-ray images, suggests a transition, from a highly brittle to a ductile-like fracture behavior
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in cortical bone at the dynamic loading rate, as the osteon orientation varies continuously from in-

plane transverse to out-of-plane longitudinal first and then to in-plane longitudinal finally.
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APPENDIX
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Fig. A1 SEM images showing the fracture surfaces and crack paths of the bone specimens (a) a
close image showing the circumferential lamellae in the second representative cortical bone
specimen with zig-zag crack path (b) observed crack wake bridging in cortical bone loaded

quasi-statically (c) image showing the crack wake bridging in cortical bone loaded dynamically
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Fig. A2 Schematic of the crack propagation in cortical bone specimens (a) schematic of the
microstructures in cortical bone (b) crack propagation in the first cortical bone specimen (c)
crack propagation in the second cortical bone specimen
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Fig. A3 Images of the skull specimens at quasi-static strain rate (a) radial direction (b) tangential
direction

Fig. A4 Images of the skull specimens at intermediate strain rate (a) radial direction (b) first
representative specimen in tangential direction (c) second representative in tangential direction
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Fig. A5 Images of the skull specimens at high strain rate (a) radial direction (b) tangential
direction
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Fig. A9 3D tomographic images of the cortical bone specimens (a) in-plane transverse direction
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