ABSTRACT
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Co-Chairperson: Joe Kuehl, Ph.D.
Stress fractures are a common occurrence that can be detrimental to an athlete’s
career. At present, there is no method for early detection of stress fractures. This study is
a continuation of the pilot study to determine if either the Palmgren-Minor rule (PMR) or
phase space warping (PSW) could be used to predict fatigue failure of bone tissue. In this
study three different experimental set-ups were utilized. The Moon’s Beam experimental
set-up was used to test chaotic loading conditions. The variable amplitude set-up was
utilized to test variable amplitude loading conditions. Lastly, a four-point bend test was
used to determine the baseline properties of the bone tissue. Scanning electron
microscopy was employed to examine the fracture surface of the bone specimens to
determine the fracture type. PSW has shown it is able to identify damage modes of
fatigue. Therefore, further investigation into the prediction capabilities of PSW should be
pursued.
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CHAPTER ONE
Introduction
A common bone related injury is a stress fracture. It occurs when an athlete
overworks themselves and damages their bones before the body can heal itself. To better
understand how stress fractures occur the anatomy, mechanical properties, and fracture
mechanics of bone will be examined. Several fatigue prediction methods will also be
explored in hopes of developing methods to provide early recognition of damage
accumulation prior to the development of a stress fracture.
Bone Fatigue and Stress Fractures
Stress fractures are one of the most serious injuries that a runner can sustain –
accounting for about 6% to 20% of all injuries [1–3]. The injury typically occurs within
the lower extremities of the person, ranging from metatarsals in the feet to the lower
sections of the spine. The tibia accounts for up to 55% of all stress fractures within
runners [4]. While the runner demographic experiences stress fractures more frequently,
the injury affects various other sports participants, and military recruits. Humans are not
alone in experiencing stress fractures. Animals may also experience the injury with race
horses and greyhounds being prime examples [5,6].
Stress fractures are an overuse injury. They are caused by repetitive mechanical
loading that results in a cumulative strain within the bone. In turn, the aggregate of the
load may result in bone damage if the net damage exceeds the body’s ability to repair
itself [7]. The bone damage reveals itself as small cracks propagating throughout the
bone. At first, the damage may go unnoticed as the pain from the crack is undetectable
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compared to natural soreness from the activity. As the repetitive loading continues the
small cracks grow, leading to a gradual increase in the individual’s pain level. At this
growing stage, the stress fracture may still be overlooked because the pain will subside
with rest and the tenderness in the stress fracture region may be attributed to muscle
fatigue. Past this point, if the stress fracture goes unrecognized a final catastrophic
mechanical load will cause the bone to completely fracture. Even if the stress fracture is
detected early and remedied properly with weeks of rest, there is still a 36% change of a
stress fracture reoccurring for that individual [4]. Therefore, it is crucial to understand
and predict the accumulated damage in bone that leads to the development of stress
fractures in order to halt their progression.
There are intrinsic and extrinsic factors controlling stress fractures. The risk
associated with stress fractures is directly influenced by the individual’s skeletal
properties [8]. By examining the skeletal properties of various groups one can elucidate
the main factors that promote stress fractures. Women are at a higher risk of stress
fracture then men [3,9]. This distinction could be attributed to differences in bone
geometry and bone density varying between the groups. Bone density can also be a sign
of other factors that will impact the risk of stress fractures. Bone density decreases with
age, extended bed rest or microgravity, and certain diseases. The decreased density
indicates an imbalance between the body’s natural rates of reabsorption and deposition
for the bone remodeling processes. Other intrinsic factors that affect stress fractures are
calcium intake and hormonal levels for the individual [10]. Extrinsic factors to be
considered are training errors, running mechanics, footwear, frequency and intensity of
training. The effects of extrinsic factors are easily seen through people who live a
sedentary life style who decide suddenly to being an intensive exercise program. These
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individuals will be more prone to stress fractures because they have not conditioned their
body, more specifically bone, to handle such high levels of stress. Understanding these
factors will help doctors detect individuals who are the most at risk for stress fractures.
There is no current method to effectively diagnose stress fractures. By the time
stress fractures are able to be detected by radiography, magnetic resonance imaging, or
triple-phase bone scintigraphy, the bone cracks have grown large enough to be seen by
the human eye [9]. Hence, prevention would be the most effective way to combat stress
fractures. This avenue of prevention would protect athletes from losing valuable time in
their sport and help them live a healthier life. Monitoring the accumulated damage of
bone may be the best option.
Functions of Bone
The human skeletal system is highly dynamic. It is composed of bones, ligaments,
tendons, and cartilage. The purpose of the skeletal system within organisms is six fold
[11].
1. Mineral storage, such as calcium and phosphorus, are essential for cellular
activity.
2. Erythrocytes, leukocytes, and thrombocytes are produced in the red
marrow of bone.
3. Yellow marrow within bone is responsible for lipid storage.
4. The skeletal system acts as protection for vital organs: such as the cranium
for the brain.
5. Bone provides the framework for the body allowing for muscles and other
tissue to attach to it.
6. The body utilizes bone as a means of locomotion. The skeletal systems act
as a lever system across its various joints to achieve movement.
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The Hierarchical Structure of Bone
The hierarchical structure of bone plays into its mechanical properties. A
schematic of this structure is seen in Figure 1.1 [10]. The most basic building blocks of
bone are seen at the bottom of the figure and are labeled with Roman Numeral I. Each
ascending level of the figure depicts a higher order of organization ending with the
macroscopic level of a complete bone. The most basic components of bone are mineral
carbonated hydroxyapatite, type I collagen, and water. Other components included noncollagenous proteins and proteoglycans [12]. The collagen molecules form a triple helix
and are organized into fibrils. At the center of these fibrils, crystals of carbonated
hydroxyapatite form. The end product of this junction is the mineralized collagen fibril.

Figure 1.1. – A schematic of the hierarchical structure of bone. Green indicates ordered material
while blue indicates disordered material. A gradient of green and blue demonstrate a combination
of both ordered and disordered materials [10]. Reprinted with permission from Whippple, T. J.,
and Eckhardt, R. B., 2011, The Endurance Paradox: Bone Health for the Endurance Athleate,
Walnut Creek: Taylor and Francis.
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The mineralized fibrils self-orient themselves to form arrays: unidirectional, fanning, and
limited alignment [13]. Unidirectional collagen fibrils bundle themselves into collagen
fiber. The fibers are thought to be oriented to accommodate different kinds of loads, with
tension best resisted by fibers aligned longitudinally relative to the load, and compression
best resisted by transversely aligned fibers [14]. If the fibers have no discerned
orientation, then woven bone is formed. Consequently, woven bone exhibits poor
mechanical properties. It is mainly found in immature organisms or injury sites where
new bone must be rapidly set. Parallel fibered bone is the antithesis of woven bone.
Lamellar bone is an extension of parallel fibered bone. Lamellar bone is formed from
lamellae which are composed of both unidirectional and fanning arrays. Lamellae form in
layers around the Haversian canals. Lamellar packets alter their orientation around the
osteon, like a twisted plywood [15]. The variation of the orientating layers of the lamella
promotes bone strength while protecting against torsional forces. Osteocytes are housed
by bone lacunas, small cavities within the bone matrix, and form slender canaliculi that
radiate and penetrate the adjacent lamellae [16]. The osteon is the basic unit of structure
of compact bone comprised of a Haversian canal and its concentrically arranged lamellae.
This microstructure of bone is the level at which blood vessels and nerve cells may be
located.
Furthermore, four cellular elements of bone are found at the microstructure of
bone. Osteoblasts and osteoclasts are essential in the bone remodeling process [17].
Osteoclasts initiate bone remodeling by resorbing and releasing calcium from the bone.
Osteoblasts then fill the void and synthesize a collagen matrix. Lastly osteoblasts fill the
matrix with hydroxyapatite, producing mineralized bone. From here the osteoblasts may
follow one of three pathways. The osteoblasts may remain an active osteoblast, become
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an osteocyte, or become a bone lining cell. Osteocytes are osteoblasts that have been
encapsulated by bone. It is believed that osteocytes play a role in detecting mechanical
loads on the bone and bone remodeling [18]. Bone lining cells are thin, elongated cells
that cover the surface of bone and remain relatively inactive. They typically function as a
barrier between extracellular fluid and bone.
The macrostructure of bone may be divided into two sections: cortical and
cancellous bone. Each may be composed of lamellar, woven, or laminar bone. The main
difference between cortical and cancellous bone is the degree of porosity. Human cortical
bone, or compact bone, has an apparent density of about 1.9 g/cc while cancellous
bone’s apparent density is about 0.8 to 1.0 g/cc [19]. Based on the apparent densities,
cortical bone displays favorable mechanical properties for supporting loads and resisting
bending. Cortical bone comprises the hard outside layer of bones and varies in thickness
depending on the bone. Cancellous bone, sometimes called spongy bone, is less
mechanically sound than cortical bone and is found within bone, with the epiphyses of
long bones being a prime example. From this point, only the mechanical properties of
cortical bone will be discussed, examined, and measured. This study performs
experimental work on cortical bone from bovine femurs, which are long bones with
reinforcing fibers running parallel to the longitudinal axis of the bone.
Mechanical Properties of Bone
Bone is anisotropic, inhomogeneous tissue that evinces elastic, plastic, and
viscoelastic properties. A variety of factors that affect the mechanical properties of bone
will be discussed.

6

Viscoelastic Behavior
Figure 1.2 contains multiple stress-strain curves for human cortical bone that
illustrate the effect of 5 different strain rates. The linear region of each curve
demonstrates the elastic region of the material. The slope of this elastic region is the
Young’s modulus of the material. Theoretically, this is the region in which the bone may
be cyclically loaded indefinitely without concern of permanent damage. The end of the
linear range of the curves is the yield point of the material. Past this point, any strain
experienced by the material will force the material into its plastic deformation region.
Within this region the bone will be permanently altered; the bone will not return to its
original shape or exhibit the same mechanical properties when the load is removed.
However, within this region, up to six times more energy can be absorbed when
compared to the elastic region. This behavior is explained by the mineral crystals
undergoing plastic deformation while the fibrous matrix experiences elastic or plastic

Figure 1.2. – Stress-strain plot for cortical bone. As strain rate increases, the ultimate strength of bone
increases while the ultimate strain decreases [19]. Reprinted with permission from Murphy, W., and Black, J.,
2016, Handbook of Biomaterial Properties, Springer, Boston, MA.
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deformation (17). At some point within this plastic zone the bone will fracture. Bone is
strain rate sensitive with an optimal strain rate for energy absorption around 0.1-1.0 strain
per second [20]. This is optimal because outside of this range there is insufficient time for
viscous flow to occur. The material will then behave like an elastic solid. The figure
shows that as strain rate decreases the modulus also decreases. This behavior hints at
another hallmark property of biological tissue.
The various curves in Figure 1.2 elucidate the viscoelastic properties of bone.
When a force is applied to a viscoelastic material, the material will deform and by doing
so will demonstrate viscous features. The materials will resist the shear flow and strain
linearly with time when stress is applied. Similarly, the material will show elastic
properties. The multiple curves in Figure 1.2 reveal that there is no unique modulus of
elasticity or fracture stress for a viscoelastic material. As the strain rate increases,
Young’s modulus and ultimate stress increases, while ultimate strain decreases.
Anisotropy
The mechanical properties of bone will also change with its loading direction.
Bone is an anisotropic and inhomogeneous material and as such will express different
characteristics under varying load conditions. Figure 1.3 shows how the direction of
loading will affect the mechanical properties of human femoral cortical bone. Cortical
bone is stronger in compression than in tension [21,22]. Secondly, bone is considerably
weaker when loaded transversely to primary fiber orientation compared to longitudinally.
Overall, bone behavers similar to ceramics.
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Figure 1.3. – Mechanical properties of cortical bone. Cortical bone exhibits higher ultimate strengths in
compression than in tension [22]. Reprinted with permission from Burstein, A. H., Currey, J. D.,
Frankel, V. H., and Reilly, D. T., 1972, “The Ultimate Properties of Bone Tissue: The Effects of
Yielding,” J. Biomech., 5(1), pp. 35–44.

Water Content
Similarly, by looking at one of the basic components of bone one can see how its
mechanical properties will change. Water plays a critical role in maintaining the
conformation of collagen. Without sufficient hydration, collagen loses its hierarchical
structure and cause a decrease in both toughness and strength [23]. In Figure 1.4 the
results of 4-point bending tests performed on hydrated, dehydrated, and ashed cortical
bovine bone are present. Hydrated bone is superior in strength compared to dehydrated
and ashed bone [24]. Samuel et al. postulate that about 15 vol% of the original matrix
water is the threshold for the shift in the mechanical behavior of bone [25].
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Figure 1.4. – Four-point bending curve for hydrated, dehydrated, and ashed bone. As hydration level
decreases, ultimate stress and ultimate strain decrease. The modulus also changes as hydration changes
[21]. Reprinted with permission from Mow, V. C., and Hayes, W. C., 1997, Basic Orthopaedic
Biomechanics, Lippincott-Racen Publishers, Philadelpia, PA

Bone Mineral Density
Age is a factor that determines the mechanical properties bone. As an individual
ages, the elastic modulus, toughness, and strength of bone decrease. After peak bone
densities in an individual’s twenties there is about a 2% loss in bone density each decade.
While peak volumetric bone density appears to be similar in men and women, women are
thought to incur an increased incidence of fracture in old age due to smaller bones and an
enhanced rate of bone loss during the first years after the menopause [26,27]. This loss in
bone mass is of great concern to the elderly community due to the increased risk of
fractures.
Osteoporosis is a notorious disease that directly influences the mechanical
properties of bone. It can impact both men and women; however, postmenopausal women
are generally more susceptible. The condition is due to an imbalance in the bone’s
remodeling process. There is an increase in bone reabsorption with an overall decrease in
bone deposition. This will cause for bone mass to be generally lost over time. The bone,
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in turn, will become weak and more vulnerable to fractures. The condition is diagnosed
by a bone mineral density (BMD) score below 2.5 standard deviations (SD) from the
mean [28].
Adaptability
Not only will the mechanical loading of bone influence the bicondylar angle of
the human femur, but it will also change its mechanical properties [27]. This influence
was first described by Julius Wolff. His Law of Bone Remodeling stated that bone
structure is not only well designed for its function but will adapt to create a new structure
in response to changes in function. Bone shall remodel itself depending on the stresses it
experiences. Therefore, if the bone is sufficiently underused for an extended period of
time osteoclasts will reabsorb bone from the inside surface [29]. Figure 1.5 illustrates this
change through the cross-section of a femur. Similarly, astronauts who spend extended
periods of time in space, a microgravity environment, will experience this bone
remodeling. However, an astronaut’s bone loss is approximately 10 times worse than the
decreased mechanical loading experienced on earth [30]. After space flight lasting

Figure 1.5. – Illustrated cross-section of femur. Left depicts healthy loaded bone.
Right depicts bone immobilized for 6 months; bone remodeling took place.
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between 4 and 6 months, the percentage of total bone loss is about 0-3%; moreover, the
loss of weight bearing bones were scientifically higher at about 0-20% [30–33].
Similarly, the bending and compressive strength of the femur was 10% less than preflight
strength as seen in Figure 1.6 [33].

Figure 1.6. – Bone loss and recovery in the femur of astronauts before and after space flight. The first row
reveals that BMD was lowered overall [33]. Reprinted with permission from Lang, T. F., Leblanc, A. D.,
Evans, H. J., and Lu, Y., 2006, “Adaptation of the Proximal Femur to Skeletal Reloading after LongDuration Spaceflight,” J. Bone Miner. Res. Off. J. Am. Soc. Bone Miner. Res., 21(8), pp. 1224–1230

Constitutive Fatigue Model
It is pertinent to understand how bone breaks in order to deconstruct the
mechanical processes involved with bone fatigue. There is a strong consensus that bone
acts like a fiber reinforced composite material, or engineered composite, when it is
subjected to stresses and strains [34–43]. Cortical bone contains osteons that carry the
brunt of the load and act as a reinforcing fiber within the bone tissue. Moreover, the
cement lines between the individual osteons act as the weak interfaces in fiber-reinforced
composites [44]. The mechanical properties shown by both bone and engineered
composites mirror each other. Both are stronger when loaded in parallel to their fiber
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orientation, osteon structures in bone [45]. These structures in long bones run parallel to
the longitudinal axis, causing long bone to endures higher compressive and tensile
stresses in the longitudinal direction.
Fatigue Process
Since bone and engineered composite compositions are analogous, bone will also
experience a 3-phase fatigue process while undergoing axial cyclic loading [35,46].
When subjected to axial cyclical loading, bone will progress through three phases that
ultimately end with bone fracture. In the first phase the material is within its elastic
region and will experience reversible deformation. However, the bone will also
experience a change in stiffness from the development of micro cracks. The micro cracks
are observed in healthy bone and are believed to benefit the bone by dissipating energy
from the loading process [47]. The bone will attempt to repair the crack. Osteocytic
apoptosis is the trigger for this remodeling process; the apoptotic cells signal their
neighbors to increase osteoclastogenesis and bone resorption [48,49]. The micro damage
accumulated by the respective loading is in equilibrium with the repair and remodeling
systems. However, balance is broken as the bone progresses through its yield point.
As the bone reaches its yield point it enters the second phase and into its plastic
deformation region. In this phase the bone continues to have a loss in stiffness; however,
it is at a significantly decreased rate compared to the first phase. Conversely to stiffness,
the toughening of the bone will increase; therefore, the amount of energy required for a
crack to propagate will similarly increase [44]. Within this phase, the material has
accumulated permanent damage and will no longer return to its original state. Comparing
bone to the idiom, “a chain is only as strong as its weakest link”, the cement lines are the
weakest part of bone. Most of the damage will occur at the cement lines [35]. It is within
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this phase that the bone will attempt to slow the rate of crack growth rather than prevent
damage [45]. Because the body has a natural repair mechanism, it must simply have a
damage accumulation rate less than or equal to its repair rate. If the rates are equal the
result of this is a healthy healed bone. Yet, if the crack growth rate exceeds the body’s
repair rate, the bone will eventually fail in a catastrophic manner.
There are two main theories concerning the failure of bone [46]. The first theory
develops a stress based method. This theory takes into account the stress intensity factor
Kc. As in traditional fracture mechanics, once the threshold of Kc is reached or exceeded,
a crack will initiate within the material [50]. The microstructure of the bone will control
how the crack will propagate. The second theory is based upon energy. The theory
accounts for the critical strain energy release rate, Gc, and the work to fracture of a
specimen, Wf. These are the factors for the critical amount of energy that will lead to
fracture within a specimen. Pulling again from classical fracture mechanics, a materials
fracture resistance is determined by its ability to absorb energy [50]. The more energy a
material is able to absorb, the less likely it is to fracture. The cement lines are the
‘weakest link’ within bone and are most likely to fail. Having this designated weak area
increases the bone’s resistance to fracture. These interlamellar surfaces absorb the energy
and break, thereby redirecting the crack tip and diminishing the chances for a complete
fracture [51].
The last stage of the material involves its complete failure. By this point the bone
has acquired a considerable amount of damage from the two previous stages. A crack has
developed and begun to propagate. The bone’s mechanical properties precipitously
dwindle while the crack expands. The final result is complete failure of the bone. A few
cases have shown that the osteons will pull out during this final stage. Osteon pullout is
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due to shear failure around the osteon cement lines, which are more viscoelastic than the
surrounding bone – due to their different mineral and protein configurations [52].
Resistance Mechanisms
There are several resistance mechanisms that bone has developed to minimize
crack growth. Several of these mechanisms are depicted in Figure 1.7. The first
mechanism examined to combat crack propagation is microdamage as seen in Figure
1.7(b). This common mechanism has been shown to dissipate the energy of the bone thus
postponing failure. This mechanism is found within healthy bone and will develop at the
crack initiation site to prevent crack growth. Consequently, the microdamage will reduce
the overall ability of the bone to absorb energy. Extrinsic toughening may also occur due
to the formation of a “frontal process zone” ahead of the propagating crack with a
consequent formation of a microcracking zone in the path of the crack [53–55]. This zone
will force a reduction in modulus thus shielding the crack tip [56]. There are two distinct
types of microdamage experienced by bone; each is characterized by its initiation,
location, development, and restoration [47]. First, linear microcracks are common forms
of microdamage and are found in the mineralized interstitial bone. They are formed from
compressive stresses and indicate the location of where the material has deformed. The
second type is diffuse microdamage. These are groupings of small cracks that are caused
by tensile loading. When these cracks are in close proximity to one another, they tend to
nucleate, coalesce, and grow. The dynamic nature of the cracks divert energy away from
the main crack tip [44].
The second mechanism to promote resistance to fracture within bone is crack
bridging. Crack bridging is the dominant toughening mechanism in cortical bone [57–
59]. It involves the formation of unbroken regions that span the crack ahead of the crack
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Figure 1.7. – Various fracture prevention mechanisms within bone. The mechanisms
allow for damage to be mitigated in hopes that the bone’s remodeling process will
repair the damage [51]. Reproduced with permission from R.O. Ritchie, M.J. Buehler,
and P. Hansma, Physics Today, 62(6),41 (2009), with the permission of the American
Institute of Physics.

tip to resist the crack. Within bone, collagen fibrils and mainly uncracked ligaments act
as these unbroken regions by sustaining part of the applied load that would otherwise add
to the crack advancement [56]. Collagen fibril bridging and uncracked ligament bridging
can be visualized in Figure 1.7(d) and Figure 1.7(c) respectively.
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The theory of the ‘sacrificial bond’ is the final strengthening mechanism that will
be examined. The theory articulates that reforming, yielding, and breaking bonds within
the organic molecule in bone toughen the material by absorbing large quantities of energy
[60–64]. However, not all bonds contribute to the toughening mechanism. The breaking
of specific bonds will ultimately fracture the bone. A principal example is that breaking
ionic bonds within bone causes irreversible damage.
Break Classifications
The subject matter presented in this section refer to the work of this study, that is
a continuation of Cler’s and Campbell’s previous studies. There are three main break
classifications that have been noted [44,45]. The first is a brittle break. To the naked eye,
a brittle break appears as a relatively smooth fracture surface with straight edges. This is
evidence of a fast fracture. Under higher magnification in an SEM, the specimen was
observed to have broken across the thickness of the specimen. Also, a separation of the
bone layers is observed (Figure 1.8a). This delamination of the layers is a result of high
forces separating individual layers of bone along the specimen’s thickness. The crack
grows though the interstitial matrix due to high stress while additionally weakening the
interfaces between the bone as well. Toughening mechanisms that attempt to combat a
brittle break are void coalescence and ligament crack bridging. These toughening
mechanisms are extrinsic, occurring behind the crack tip. The second break classification
is a ductile break. A characteristic of a ductile break are beach markings. Clamshell or
beach markings (Figure 1.8(b)) are curved lines that often appear on a fatigue fracture
surface. They indicate changes in load or environment conditions that occurred during the
lifetime of the specimen [50]. Beach markings elucidate the travel route of the crack
propagation. Crack propagation occurs along the width of the bone for a ductile break.
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Also, osteon pullout may be observed within this mode of breaking. Lastly, a mixed
mode classification has been noted (Figure 1.8(c)). It exhibits a combined brittle and
ductile break mode and has characteristics of both. Beach markings are observed;
however, they do not populate the entire surface. Part of the surface displays smooth and
straight edges coupled with delamination. Scanning electron microscope (SEM) images
of these failure modes are represented in Figure 1.8.
Fatigue Limit - Prediction Methods
The fatigue limit of a material is defined as the maximum stress amplitude it can
endure, indefinitely, without failing [65]. There are several mathematical methods used to
estimate this limit for common materials. The methods that are tested rely on the
examination of motion of the specimen. One method counts the loading cycles while the
other utilize novel nonlinear dynamics to determine fatigue. If such a method could
accurately describe the fatigue limit in vitro it has the potential to revolutionize stress
fracture prevention.
Palmgren-Miner Rule
The first method that will be examined is the Palmgren-Miner rule (PMR). The
rule is a linear cumulative damage standard that is used to estimate the fatigue limit of a
material. PMR states that the total sum of the ratio of the number of cycles of a given
amplitude and the number of cycles to failure equal the damage accumulated. This is
expressed mathematically in Equation 1.1.
%
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(1.1)

&
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Figure 1.8.a – SEM image of cortical bone of a brittle break. The arrows reveal delamination
[45]. Printed with permission from M. Cler et al.

A

B
Figure 1.8.b – SEM image of cortical bone of a ductile break. The arrows (A) point to beach marking
while the arrows (B) show osteon pullout [45]. Printed with permission from M. Cler et al.

A
B

Figure 1.8.c – SEM image of cortical bone of a mixed mode break. The arrows (A) point to beach
marking while the arrows (B) show delamination [45]. Printed with permission from M. Cler et al.
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where Dp denotes the damage parameter, ni is the number of cycles at a specific
amplitude, and Ni is the total number of cycles the material can withstand till failure at
that amplitude. The material will fracture when the accumulated damage is equal to one.
For PMR, it is assumed that the order of the differing loads and cycles is irrelevant.
Secondly, it is assumed that the material’s history and loading pattern do not influence
how the material will fail. PMR is not without its flaws. Behavior of materials commonly
diverge from the PMR prediction [66–69]. Several of the main causes for differences
between observed and PMR predicted fatigue life are independent of the load level, load
sequence, and the load interaction. Furthermore, the fatigue limit stress and the critical
stress appear to impact fatigue life. Lastly, PMR must account for the fact that applied
stress is dynamic. It shifts moment to moment with the change in crack length.
Rainflow Counting
It is easy to calculate the number of cycles when a specimen is subjected to
cyclical loading at a constant amplitude. However, within the natural world and this
study, the number of cycles at a specific amplitude is difficult to count because they may
be intermixed with other amplitudes. In order to combat this, the rainflow counting
method (RCM) was utilized. This method is commonly accepted as a standard for cycle
counting and is used in conjunction with PMR for fatigue tests [70–72]. It is easiest to
visualize RCM as water flowing down a structure, such as a pagoda. As the flow runs off
an edge of the building, it is considered a cycle count. Apply the principle to a 90 degrees
clockwise rotated plot of strain versus time. An example of RCM is seen in Figure 1.9.
Each trough is considered a water source. The water flows down the peaks until it comes
to a larger trough, encounters the flow from above, or reaches the end of the recorded
time for the plot [73]. Each of the flows are counted as a half cycle whose magnitude is
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the difference of the values of the strain at the start and end of the flow. Lastly, the total
cycle count is the sum of the half-cycle pairs. Applying these rules to Figure 1.9 a total of
15 half cycles can be counted, therefore, the total cycle count is 7.5.

Figure 1.9. – Rainflow counting plot. Location 1 reveals a water source while location 2
shows an encounter with a flow from above. Location 7 is an encounter with a large
trough. Lastly, location 15 is the end of the recorded time [44]. Printed with permission
from A. Campbell et al.

Phase Space Warping
The second method for fatigue prediction is phase space warping (PSW) that
utilizes fast time measures to reconstruct slow time dynamics. The reconstructed phasespace can then be used to track damage evolution through small drifts in the phase space
[74–76]. A useful method and mathematical model has been developed by Dr. Chelidze
at the University of Rhode Island that analyzes the slow time processes using fast-time,
vibration measurements [74,77–82]. The method employs an updated version of the twowell magneto-elastic oscillator, termed Moon’s beam set-up, while the mathematical
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Figure 1.10. – Moon’s beam apparatus set up with components labeled. (a) shaker (b)
9-in aluminum bar (c) C-Frame (d) specimen pendulum (e) magnets (f) linear guide
conversion piece (g) linear guide (h) laser vibrometer (i) aluminum laser stand (j)
vibration isolation table [45]. Printed with permission from M. Cler et al.

model is the Duffing equation. PSW has appeared to successfully identify the various
modes of damage experienced from chaotic loading of bovine bone [45].
A similar set-up to Dr. Chelidze’s apparatus was used in this study. A CAD model
of the experimental set up is provided in Figure 1.10. A C-Frame holding the specimen
that is clamped between two steel plates is attached to a shaker. The pendulum is held
over two rare earth magnets, thus creating two potential wells for the specimen to fall
into. The situation the pendulum is put in is best understood through a ball and two valley
analogy. The pendulum will represent the ball while the two valleys are the two magnets
wells. The ball sits atop of a hill that separates two valleys. This hilltop is an unstable
point, so the ball will roll into either the right or left valley. Once the ball rolls into a
valley it will stay there. It will only be able to move out of that valley if enough energy is
added to the system such that the ball can roll back up the hill to its top. Once the ball is
back to the hill top it is again put into an unstable point. It will either roll back into the
previous valley or fall into the other one. This motion can be described by the equations
developed by Dr. Chelidze [74,83]. The Duffing equation can be utilized to model this
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vibrating beam system over a double potential well. The forced Duffing equation form is
revealed in equation 1.2.
𝑥̈ + 𝛾𝑥̇ − 𝛼𝑥 + 𝛽𝑥 4 = 𝑓𝑠𝑖𝑛(𝜔𝑡)

(1.2)

where:
𝑥 = fast time dynamics
𝑓 = amplitude
ω = frequency
𝑡 = time
Also, 𝛾, 𝛼, and 𝛽 are positive real constants. From the equation, the displacement
of the pendulum, or the directly observable fast-time dynamics, can be related to the
forcing of the specimen. To better visualize this outcome, Figure 1.11 displays the phase
space of the unforced Duffing equation. This is simpler than the forced Duffing equation
but is used to illustrate the more complex yet similar concepts. Figure 1.11 displays
several points of interests. At point (-3,0) and point (3,0) there are stable fixed points, the
bottom of potential wells, or valleys from the analogy. These are the wells that will hold
the pendulum until a sufficient amount of energy is brought into the system to force it out
from the well. When the pendulum swings from one well to another it is termed to have a
large amplitude of vibration. If the pendulum swings and falls back into the well it is
termed to have a small amplitude of vibration. These wells represent the magnets within
this study. At point (0,0) is the unstable point, or the hill separating the two valleys. This
is the initial position of the pendulum, or ball, and the position from which it will fall into
either well.
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Figure 1.11. – Unforced Duffing equation phase space. The dense red areas are the
location of the wells. The intersection of the red and blue lines at (0,0) is the
starting position of the pendulum [45]. Printed with permission from Dr. David
Chelidze, University of Rhode Island.
Upon investigation, it is found that the system can be modeled using hierarchical
dynamical systems. The model is derived from the relationship between fast-time
dynamics and slow-time dynamics along with equation 1.2. The system of equations is
expressed in equation 1.3 through equation 1.5
𝑥̇ = 𝑓(𝑥, 𝜇(𝜙), 𝑡)

(1.3)

𝜙̇ = 𝜖𝑔(𝑥, 𝜙)

(1.4)

𝑦 = ℎ(𝑥)

(1.5)
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where:
x = directly observable fast-time variable
ϕ = slow time variable
µ = vector of parameters
t = time
ϵ = small rate constant
y = scalar measurement
The vector of parameters is a function of the slow-time variable. The small rate
constant is also known to be the time-scale separation between the fast and slow
dynamics. It is a value that is greater than zero but much less than one. Lastly, the scalar
measurement is determined by the smooth function h of the fast time variable. From
these equations it is revealed that the slow time variable, ϕ, can change and develop on a
time scale that is slower than the fast time scale that is directly observed.
For this slow time scale to be understood and analyzed, the experiment needs to
run for a sufficient amount of time to induce change. A long capture time coupled with a
high data sample rate inevitably leads to these experiments having sizable data sets that
sometime exceed a gigabyte of memory. To reduce the data down to a manageable size, it
is broken up into intermediate time scales. By doing so one can treat the fast-time
dynamics as quasi-stationary and are molded as feature vectors. Therefore, the fast-time
dynamics can be characterized with a local linear model. This allows for a non-linear
function to be approximated with piece-wise linear functions. With these local linear
models, the fast time dynamics can be reconstructed with the help of delay coordinate
embedding.
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Delay coordinate embedding requires that a proper time delay be established. If
the time delay is too small the resulting delay vectors are too close to the hyper-diagonal
of the reconstructed phase space. Thus, information on variations in motion is poorly
defined and lost. Yet the time delay should be small enough such that the coordinates are
not statically independent from one another. The coordinates should maintain important
characteristics. A useful method to determine the delay time is the average mutual
information (AMI) method, which measures the dependence between variables [78–
80,83–85]. It aims to reduce the uncertainty of one random variable due to knowing
another variable. AMI traditionally relates to a variable’s entropy for entropy is ‘selfinformation’. By this the AMI between two variables is the negative of the entropy of the
variables’ joint density function with respect to their marginal product [86]. The AMI
between two random variables is expressed in equation 1.6.
"(S,T)

𝐼(𝑋; 𝑌) = ∑S∈X ∑T∈W 𝑝(𝑥, 𝑦)𝑙𝑜𝑔 U(S)"(T) = 𝐷Y𝑝(𝑥, 𝑦)||𝑝(𝑥)𝑃(𝑦)\

(1.6)

where:
p(x, y) = joint density function
p(x) = marginal of X
p(y) = marginal of Y
Once this function is plotted, the independent variable value of the first minimum
can be ascertained visually, this minimum will then become the time delay, 𝜏. Along with
the time delay, an embedding dimension needs to be determined.
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The minimal necessary condition for this embedding dimension is provided by the
false nearest neighbor (FNN) method [87,88]. The FNN method is visualized in Figure
1.12. Two points in d dimension are true nearest neighbors (TNN), C’ and D’, then
simply adding the (d + 1)-th coordinate will not separate them from each other. These
projected coordinates remain close to the original coordinates, C and D. If points are
TNNs in the projection, then observing the points in the original dimension will show
they are neighbors. If two points are FNN, A’ and B’, then adding the (d + 1)-th
coordinate will separate them. The two points were only neighbors on the projection of a
higher dimensional structure. Viewing the original two points, A and B, will reveal that
they are not neighbors. A and B do not reside next to each other in the 3-dimensonal
space. Thus the embedding dimension is found by finding the smallest dimension with
zero numbers of FNNs.

Figure 1.12. – An illustration of false nearest neighbors. Original three-dimension
closed curve in blue. Two-dimensional projection in red. Dotted lines are projections
onto other planes. C’ and D’ are TNN while A’ and B’ are FNN [87]. Printed with
permission from Dr. David Chelidze, University of Rhode Island.
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This process of finding a delay time and embedding space is calculated for each
intermediate time scales. Once the intermediate time scales are compiled, the shifting of
the feature vector is analyzed to see if there are changes; these changes are potentially
caused by damage [77–79,83]. The phase space warping function is the difference
between the feature function of the original system to the fatigued system. The phase
space warping function will also elucidate where the warping is taking place. An example
of the differences between phase spaces of original and fatigued bodies is shown in
Figure 1.13. Lastly, all of the phase space warping functions are compiled to create the
tracking matrix [79].

Figure 1.13. – Phase space warping diagram. A comparison between the original phase
space and its fatigued phase space. The difference is possible damage [45]. Printed
with permission from Dr. David Chelidze, University of Rhode Island.
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Smooth orthogonal decomposition (SOD) is performed on the tracking matrix to
find the fatigue modes. SOD is related to but distinct from proper orthogonal
decomposition (POD). Both SOD and POD employ the same method in which a singular
value decomposition is performed on the data matrix. Either method then decomposes the
data into statistical normal modes. These normal modes are used to show the statistical
models that best account for the variance in amplitudes. SOD is preferred in this case
because it handles the bifurcations that are present in fast-time dynamics better than POD
[89,90]. SOD utilizes the maximization problem presented in equation 1.7. POD uses a
similar maximization problem that is constrained differently.
𝑚𝑎𝑥a b|𝑋𝜙|b𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝑚𝑖𝑛a b|𝑉𝜙|b

(1.7)

where:
X = tracking matrix
V = temporal derivative of X
The tracking matrix is then projected onto the SOD modes to find the slow time
damage phase space. This phase space will then be reconstructed via the SOD
coordinates [91]. Lastly, the slow-time dynamics can be used to identify the dynamics of
fatigue [77–80,83]. The method developed by Chelidze and his team has been shown to
predict failures in stationary operating environments [92].
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CHAPTER TWO
Methods and Materials
Introduction
For the experiments in this study bovine bones were used. The bones were then
processed. Each bone yielded six specimens of similar shape and size. Specimens taken
from the same location of the bone were utilized for one of three tests. Three specimens
were used for the chaotic loading test, two specimens for the variable amplitude test, and
one specimen for the four point bend test. This was done to allow the use of repeated
measures statistical analysis that takes into account the variability between bones. The
chaotic loading test forced specimens under chaotic loading conditions. The variable
amplitude test had two distinct failure mechanics act upon the specimen. A four-point
bend test was carried out on specimens to determine the mechanical properties of each
bone.
Specimen Preparation
Ten bovine femurs were purchased from Animal Technologies, Inc. (Tyler, TX).
Femurs were chosen because their large size allowed for multiple cortical bone
specimens to be cut from the same bone. The gender, age, and health of the cattle that the
bones are taken from are unknown. Animal Technologies, Inc. indicated that the cows
were between the ages of 8 and 30 months. The femurs were shipped frozen on dry ice.
Upon arrival the bones were stored in a commercial freezer at 20°C (Artic Air,
WCI/Frigidaire Co., Eden Prairie, MN). Prior to specimen preparation, the bones were
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allowed to thaw for 24 hours in a compact refrigerator (Kenmore, Sears Roebuck and
Co., Chicago, IL).
Any remaining soft tissues attached to the shaft of the femur were removed. A
Craftsman band saw (Stanley Black & Decker, New Britain, CT) was used to cut off the
femur’s epiphyses and to cut the shaft longitudinally into medial and lateral halves. The
marrow was removed. The halves were each cut longitudinally into thirds. Each of the six
sections was further trimmed with a Buehler IsoMetTM 1000 precision saw (Buehler,
Lake Bluff, IL) with an IsoMetTM 15 LC diamond blade. The cooling fluid used was 1
part Buehler Cool 2 cutting fluid to 33 parts water. Each specimen was trimmed to
approximately 2-3 inches long, 0.1 inches thick, and 0.5 inches wide. Next, a black
SharpieÒ marker (Newell Brands, Atlanta, GA) was used to label the specimens. The
specimen was labelled with the number assigned to the femur plus A-F, depending on the

Medial

Lateral
F

A

E

B

D

C

Figure 2.1. – Schematic of specimens extracted from a left femur. Blue arrows lead
from label name to location extracted from femur. Specimens A and F are from the
cranial part of the shaft and C and D are from the caudal part.
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location from which they were cut (Figure2.1). For example, a specimen created from
bone 6 location D would be labeled ‘SP6D’. Each specimen was then wrapped in gauze
and misted with 0.9% saline solution in a ZiplockTM bag. Lastly, all specimens from a
bone were grouped together in a larger ZiplockTM bag based on bone number.
Further specimen preparation was performed on specimens destined for variable
and chaotic amplitude loading. To reduce the width of the specimen, notches
approximately 0.32 – 0.35 inches deep were made on both sides with a triangular file. A
custom aluminum jig was used for appropriate placement of the notches. The notches
were at least 1.25 inches down from the top of the specimen. The notches served to
concentrate the stresses in the center of the test section and cause bone to fail at this
location. A Central Machinery 13” drill press (Harbor Freight Tools, Calabasas, CA) was
then used to drill an 11/64” hole approximately 0.625 inches down from the notches on
the specimen. The hole was used to attach steel plates to the bone specimen with a nut
and bolt.
If testing occurred within one week of preparation the specimen was stored in the
compact refrigerator. However, if the specimen’s test date was more than one week after
preparation, it was stored in the commercial freezer. The frozen specimens were thawed
in the refrigerator for 24 hours prior to testing. After, the specimen was removed from the
ZiplockTM bag and moist gauze, it was air dried for seven hours. This drying process was
determined from prior work [44,45]; after seven hours of air drying the specimen’s
resonant frequency becomes stabilized.
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Chaotic Loading Test
Hardware
The main testing setup is the same used in Cler et al [45] because this study is a
continuation of previous work. To summarize, the system used for testing was modeled
after Dr. Chelidze and his team at the University of Rhode Island. The set-up is called
Moon’s Beam apparatus; it is mathematically modelled using the Duffing Equations.

a

c

h

d

b

i
e
g

j
f

Figure 2.2. – Moon’s beam apparatus. (a) shaker (b) 9-in aluminum bar (c) C-Frame (d) specimen
pendulum (e) magnets (f) linear guide conversion piece (g) linear guide (h) laser vibrometer (i)
aluminum laser stand (j) vibration isolation table [45]. Printed with permission from M. Cler et al.

Figure 2.2 illustrates the components of the Moon’s Beam apparatus. This set up fatigues
bone specimens in a chaotic manner in an attempt to more accurately simulate the natural
variable loading which bone is subjected to in vivo.
The Moon’s Beam apparatus was mounted on a vibration isolation table (Figure
2.2 (j)) (Nexus Breadboard, Thorlabs, Newton, NJ) to isolate the system from external
vibration. A VTS-100 electromagnetic shaker (Figure 2.2 (a)) (Vibration Test Systems,
Aurora, Ohio) provided the forcing function to the apparatus. An 8 in long aluminum bar
(Figure 2.2(b)) connected the shaker to a custom aluminum C-frame (Figure 2.2(c)). The
C-frame was mounted to an AC-NMS-4 linear guide (Figure 2.2 (g)) (Del-Tron
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Precision, Inc., Bethel, CT) which was mounted to the vibration isolation table. A
conversion piece (Figure 2.2 (f)) was used to connect the C-frame to the linear guide. The
linear guide was used to minimize friction as the C-frame translated, restrict motion to
translation, and minimize wear and tear on the shaker. A laser vibrometer (Figure 2.2 (h))
(LJ-V7300, Keyence, Elmwood Park, NJ) was mounted on a custom stand (Figure 2.2
(i)) that was attached to the vibration isolation table. The laser vibrometer was used to
record the displacement of the pendulum relative to the C-frame throughout testing. Two
rare-earth permanent magnets (Figure 2.2 (e)) (5/8” x 5/8” Cylinders – Neodymium Rare
Earth Magnets, Apex Magnets, Petersburg, WV) were mounted to the bottom of the Cframe via the conversion piece.
Several components of the experimental setup resided on a table next to the
vibration isolation table. The components consist of a computer, amplifier (2002 XTi
Series, Crown by Harman), low-pass filter (SR640, Stanford Research Systems,
Sunnyvale, CA), DAQ chassis (NI cDAQ-9174, National Instruments, Austin, TX), VTS
blower (Vibration Test Systems, Aurora, Ohio), Keyence 24 V DC power supply and

Figure 2.3. – Picture of testing hardware. Left image shows Moon’s beam apparatus.
The pendulum, shaker, and laser vibrometer are visible. Upper right image is of the
blower unit on bottom with Keyence controllers atop it. Lower right reveals amplifier
(bottom), low-pass filter (middle), and DAQ chassis (top).
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controller (Keyence, Elmwood Park, NJ). The computer connected to both the Keyence
controller and the amplifier. The computer required the analog output of the NI-9263
DAQ card to connect to the amplifier. The amplifier was also connected to the shaker.
The shaker was cooled using the blower which was connected via hose. The NI-9205
DAQ card was used to continuously collect data from the low-pass filter that was
connected to the Keyence controller. Photos of the testing rig are provided in Figure 2.3.
The specimen pendulum was mounted to the top of the C-frame. A detailed
illustration of the pendulum is provided in Figure 2.4. The bottom end of the test
specimen was mounted between two steel plates while the top was clamped into the Cframe. The pendulum was suspended over the two rare earth magnets. The magnets were
used to induce a double potential well for the pendulum. The oscillating motion of the
pendulum delivered the bending load to the specimen. With this double potential well,
harmonic, variable, or chaotic forces could be applied to the specimen. The double

Figure 2.4. – Specimen Pendulum. The bovine bone specimen is sandwiched between two
steel plates that will react to the magnetic field (left). The specimen was clamped to the Cframe to induce bending at the notch site (middle). The pendulum is suspended over the
magnets to produce a double potential well (right) [44]. Printed with permission from A.
Campbell et al.
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potential well was used because a single potential well can only provide harmonic
forcing.
The motion of the pendulum could be related to the study conducted by Campbell
[45]. If the pendulum moved from one potential well to the other, it was considered to
have a large amplitude motion and typically resulted in a brittle break. If the pendulum
stayed over only one potential well it was considered to have a small amplitude motion
and likely resulted in a ductile break.
Software
LabVIEW programs were developed to be used in tandem with the factory
provided Keyence software to control the shaker and record collected data from the laser.
The graphical user interface (GUI) and block code of the programs are located in
Appendix E. A LabVIEW program controlled the waveform of the shaker
(WaveGeneration.vi). This virtual instrument (VI) is able to control the amplitude,
waveform, and frequency of the shaker’s motion. The amplitude of the shaker could be
controlled with other instruments; however, it was decided to only use the
WaveGeneration.vi to control it.
Another LabVIEW program collected the step data of the Keyence laser and
wrote the data to a .lvm file (LASER-Voltage-ContinuousInput.vi). This program was
created to cover for the short falls of the Keyence software and its limited memory. The
LASER-Voltage-ContinuousInput.vi allowed for all the data to be collected from the
Keyence software, preventing any loss of data. The Keyence software calibrated the laser
such that 1 V corresponded to 1 mm of deflection. The Keyence software was also used
to collect profile data to set measurement points to determine the swing distance of the
pendulum.
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Variable Amplitude Test
Hardware
Only minor modifications to the testing apparatus were needed for performance of
the variable amplitude experiment. The variable amplitude set up is the same as described
in a previous study by Campbell et al [44]. The 8-inch aluminum bar that connected the
shaker to the C-frame was replaced with a 1.5-inch aluminum rectangle that held two ¾
inch cams (MSC, Melville, NY). The 1.5-inch arm did not connect to the C-frame. The
different set up applied a load to the pendulum that acted as a reversible single cantilever
beam. The C-frame was dismounted from the linear guide and secured directly to the
vibration isolation table. The cams applied the load to the pendulum. The specimen
pendulum remained the same but moved from the front of the C-frame to its side. Figure
2.5 reveals the changes described above to the setup. The other hardware pieces remained
the same.
Software
A LabVIEW program, VariableAmplitudeWaveGeneration-VoltageOutput.vi,
was developed to control the waveform of the shaker. The program differed from the

Figure 2.5. – Variable Amplitude hardware changes. The left image reveals the short arm
with attached cams. Right image depicts side view of overall setup [44]. Printed with
permission from A. Campbell et al.
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WaveGeneration.vi for it allowed the user to select up to three different wave amplitudes
and frequencies. The program also allowed the user to select the number of cycles for
each waveform. The LASER-Voltage-ContinuousInput.vi was used in the same fashion
as in the chaotic loading test.
Four-Point Bend Test
Hardware
The four-point bend test utilized TESTRESOURCES 100 series system coupled
with a custom jig to carry out the test. Figure 2.6 details the components of this setup.
The actuator (Figure 2.6 (a)) (DG.1000 ACTUATOR, TESTRESOURCES, Shakopee,
MN) is attached to a 1000 lbf load cell (Figure 2.6 (b)) (SM-1000-294,
TESTRESOURCES, Shakopee, MN) that in turn is connected to the top half of the fourpoint bend jig (Figure 2.6 (c)). The bottom half is attached to the bottom of the
TESTRESOURCES 100 series frame (Figure 2.6 (e)) (Shakopee, MN). A detailed
diagram of the jig is located in Appendix F. The system is controlled by an external
controller (Figure 2.6 (d)) (P-Q Series, TESTRESOURCES, Shakopee, MN) that is
connected to a computer.
Software
The TESTRESOURCE Xy Plot was utilized to control the four-point bend test
apparatus through the controller. The software was used to collect data of the position of
the pneumatic head, test time, and stress. The software was also employed to identify the
maximum stress from the four-point bend test via a built in function.
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c
Figure 2.6. – TESTRESOURCES apparatus. (a) actuator (b) load cell (c) four-point
bend jig (d) controller (e) frame.
Specimen and System Preparation
Chaotic Loading Test
Approximately 30 minutes before the testing began, the laser was turned on to
warm up. Specimens from cut location D through F were used in chaotic loading test.
The specimen was measured with a digital micrometer; the notch width, thickness, and
gage length were recorded. The specimen was then secured between the steel plates and
mounted to the C-frame.
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The pendulum and the magnets were adjusted such that the magnets had the same
inward tilt and the pendulum was centered between the magnets. The precise frequency
for the pendulum was determined by gently tapping the pendulum while it was over only
one of the potential wells. The laser vibrometer collected data at 200 samples per second
to capture the gentle tap motion. The data was then put though the
ResonantFrequencyLVM.m MATLAB program to determine the precise frequency. In
order to achieve the desired frequency of 9 – 10 Hz, the pendulum was adjusted along the
vertical axis: up to decrease the frequency or down to increase it. This procedure was
repeated for the other potential well. The objective was to have the frequency for both
potential wells to be within 0.2 Hz of each other. If the frequencies were outside of this
range then the second potential well would be slightly adjusted inward to increase the
frequency or outward to decrease it. Once the frequency was calibrated the test procedure
could begin.
Variable Amplitude Test
The laser was turned on approximately 30 minutes before experimentation to
allow it to warm up. Specimens from cut location B and C were used for the variable
amplitude test. Each specimen was measured with a digital micrometer; the notch width,
thickness, and gauge length were recorded. The specimen was then secured between the
steel plates to form the pendulum. The pendulum was mounted to the C-frame between
the two cams.
Four –Point Bend Test
Specimens taken from cutting location A were used for the four-point bend
procedure. A digital micrometer was used to measure the width, length, and thickness of
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the specimen. The specimen was placed onto the lower half of the custom four-point
bend jig. The specimen was centered over the gap of the jig.
Test Procedure
Chaotic Loading Test
Chaotic loading testing was performed on 30 bovine bone specimens. The
frequency of the waveform generator was set using the WaveGeneration.vi. The
frequency selected was the frequency of the potential wells. However, if the frequencies
of the potential wells differed, then the average of the frequencies was used. The
frequency of the waveform generator was set close, if not exactly, to the resonant
frequency of each well in order to maximize results. By doing this, the work done on the
system increased both the mechanical energy and the amplitude of the system’s response.
The amplitude of the waveform generator was set to zero before the test began.
The blower was turned on. The Keyence program and the LabVIEW VI programs were
initiated to collect data, save the collected data, and control the waveform generator.
Before chaotic motion was reached, the amplitude of the waveform generator had to

Figure 2.7 – Types of motion. The left image shows reaching motion. The motion is characterized by
alternating different peak amplitudes. The right image depicts chaotic motion. This motions displays
various amplitude peaks that change chaotically [45]. Printed with permission from M. Cler et al.
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induce a reaching pattern on the specimen. The difference between reaching and chaotic
motion are illustrated in Figure 2.7. Reaching motion was accomplished by increasing the
amplitude of the waveform generator by 0.25 units until the reaching pattern was
observed. Afterwards, chaotic motion would be accomplished by increasing the
amplitude by 0.10 units until chaotic motion was seen. The final amplitude of the
waveform generator was set 0.05 units above the chaotic motion threshold.
The test continued until the specimen broke into two or more pieces. Once failure
was achieved, the specimen was carefully removed from the testing apparatus to preserve
the fracture surface. The rainflow counting method was utilized to count the cycles for
the chaotic loading test. There were two different binned methods used for counting. The
first was a bin size of 0.25 mm. The other consisted of 3 bins of small, medium, and large
amplitudes. From prior studies, low amplitudes correspond to a ductile break, medium
amplitudes correspond to a mixed break - exhibiting both ductile and brittle break
characteristics, and large amplitudes correspond to a brittle break. Then the slow time
dynamics of the system were analyzed for the specimen.
Variable Amplitude Test
Similarly, the variable amplitude test ran the VariableAmplitudeWaveGenerationVoltageOutput.vi. Pattern three from Campbell’s work was used for setting the motion.
This entailed 1000 cycles at an amplitude of 3 volts followed by 100 cycles at an
amplitude of 6 volts. One volt corresponds to one millimeter of deflection of the tip of the
pendulum. This pattern was carried out on 16 bone specimens at a frequency of 5 Hz and
operated at this way until the specimen failed. The Keyence and its companion LabVIEW
VI programs were utilized to collect and save data. After the specimen failed, it was
removed from the testing jig and was placed carefully on a nearby table for further
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examination. The rainflow counting method was utilized to count the cycles for the
variable amplitude test. The binning method presented in the chaotic loading test section
was utilized to count the cycles for the variable amplitude test.
Four-Point Bend Test
A four-point bend test was performed on specimens from every bone. The stress
vs. strain curve of every specimen was created to elicit the modulus, maximum stress,
and strain at maximum stress. The actuator and top part of the four-point bend jig was
lowered as close as possible to the specimen without touching it. The system was zeroed
to this position. The test parameters for the experiment was set through the Xy Plot
software. The default settings of “Beam” were used for the test procedure. The
experiment was self-terminated once the “Sample Break” value of 50% was reached. The
Xy plot software sent the test profile to the controller. The start button was pressed on the
controller to start the experiment. The Xy plot software then collected, stored, and
analyzed the data.
Analysis
Custom MATLAB programs were coded in house for data reduction and analysis.
The programs are provided in Appendix E.
ResonantFrequencyLVM.m
The resonant frequency of each well was determined by using this program. The
program is only used for the chaotic loading analysis. During the tuning process the
conde employed the built in MATLAB pwelch function to visually display a graph of the
frequencies. From there, the maximum ideal frequency could be visually located.
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LaserLabViewCUTv2.m
The program allows for the user to manually select cut-off times for the start and
stop of the experiment from the LabVIEW.lmv file. The selected data was then saved to a
new text file. This was done because each experiment took multiple hours to run, some of
which was unsupervised overnight. This enormous set of data needed to be reduced so
that only the desired bone fatigue section was seen. The program was utilized in both the
chaotic and variable amplitude loading analysis.
rainflow_bins_mod3.m
The first of the rainflow counting codes. The trimmed data was run filtered
through this code to separate the cycles counts into 0.25 mm bins. A histogram was also
generated so the user could visually see the distribution. After all specimen data was
processed to this step, three categories of small, medium, and high amplitude bins were
chosen. The categories were then cross referenced with the previous studies’ findings to
check for correlation between the small, medium, and large amplitude cycles. The
program was used in both the chaotic and variable amplitude loading analysis.
rainflow_bins_mod4.m
After the small, medium, and high amplitude bins were set, the trimmed data was
sent through this code. The difference between this code and its previous version is the
bin size. This code is used to determine the number of cycles of small, medium, and high
amplitudes. The program was employed in both the chaotic and variable amplitude
loading analysis.
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SpeedPMR.m
This code employs the Palmgren-Miner rule as exhibited in Equation 1, for both
the chaotic and variable amplitude loading analysis. The small, medium, and high
amplitudes used for the code are based off of the values determined by Campbell [44].
From Campbell’s study, the uncertainty within the calculated damage accumulation and
parameter can be determined using the standard deviation from each of the cyclic
amplitude loading cycles to failure and tracking the uncertainty through the damage
parameter calculation [45]. After the damage parameter and the uncertainty were found,
the success of the PMR was evaluated. If the PMR result’s range encompassed a value of
one, the PMR was deemed a successful prediction of the fatigue life for the specimen.
This claim is rationalized by the PMR for it predicts that the material will fail when the
damage accumulation parameter equals one. The converse holds true as well. If the
bounds of the damage accumulation parameter did not encompass a value of one, then the
PMR was deemed unsuccessful for predicting the fatigue life for the specimen.
PSW_protocol2v2.m
This is the master program that runs the PSW analysis for the chaotic loading
analysis. The code and its subsequent programs were developed by Dr. Chelidze from the
University of Rhode Island. His code may be accessed from
http://egr.uri.edu/nld/software/. Parameters for the PSW analysis were decided based on
Cler’s previous findings [45]. The basic parameters are as follows: 8000 points for the
reference model size, 32 boxes in the phase space, 20 pints for the local linear model, 1
for the model prediction time, 0 for the scalar tracking metric, and 2000 points in each
record. The time delay was determined from the average mutual information. Its
parameters were 8000-point limit, 60 for the maximum delay, and 32 bins used for the
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calculation. False nearest neighbor analysis was then preformed to determine the
embedded dimension. This analysis used the same time delay parameter as the previous
action, 6 for the maximum embedded dimension, and was set to the same 8000-point
limit. The output of the program was a set of two graphs that are visually analyzed. The
first type of graph shows the smooth orthogonal values (SOV), or eignevalues, plotted
with the individual or groups of SOV’s that are separated from the continuum. The
eignevalues that are separate from the continuum identified the active fatigue damage
models. The second type of graph displays the smooth orthogonal coordinates (SOC), the
projection of the data onto the smooth orthogonal modes, and the corresponding SOV’s
that are of interest. The SOCs are then compared to other specimens to identify patterns
in the fatigue process.
Four_Point_Bend_Analysis.m
The program was utilized to analyze the results of the four-point bend test. First,
the maximum stress value was calculated. The corresponding strain value is then found
and recorded. A user manually selects the linear range from a generated stress vs. strain
plot. A linear regression is fitted to the data and the slope is recorded as the Young’s
modulus.
Fracture Surface Classification
After each test was completed the fracture surface of the specimen was visually
inspected. A photograph of the fracture was taken with an 18-megapixel camera (EOS
Rebel T5i, Canon U.S.A. Inc., Melville, NY) as seen in Figure 2.8. A complete catalog of
images appears in Appendix B.
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The fractures were classified based features found by SEM images taken with a
tabletop microscope (TM3030Plus, Hitachi, Tokyo, Japan). The magnification of the
SEM was set to 50x and was tuned to 15 kV SE settings. A catalog SEM images are
found in Appendix C. Figure 2.8 reveals the fracture types and Figure 2.9 shows features
associated with a BD break.

Figure 2.8. – Fracture classifications. Specimen 3B, 5D, 2F, are utilized to show brittle, ductile,
and ductile to brittle breaks respectively [44]. Printed with permission from A. Cler et al.

Statistical Analysis
Multiple programs for statistical analysis of the chaotic loading test were utilized.
First, Microsoft Excel (Microsoft Corporation, Redmond, WA) was utilized to run linear
regression between cycles to failure and various mechanical properties: EI, Young’s
modulus, maximum stress, and strain at maximum stress. Next SAS 9.4 for Windows
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(SAS Institute, Cary, NC) was used to perform logistic regression with stepwise variable
selection. Break type was utilized as the category.

Figure 2.9. – Fracture features. Arrows ‘A’ and ’B’ denote osteon pullout and beach
markings respectively; both are features of ductile breaks. Arrow ‘C’ points to
delamination, which is a hallmark of a brittle break.
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CHAPTER THREE
Results
The order of this chapter will mirror the order presented in chapter 2. The results
of the chaotic loading test will be presented first. Then the variable amplitude test results,
and finally the results of the four-point bend test.
Chaotic Loading
Voltage vs. Time Series
A time series for a specimen is presented in Figure 3.1. The time series for each
chaotic loading specimen is located in Appendix D. Within Figure 3.1, the vertical axis

Figure 3.1. – Time series for SP6D. The image shows a zoomed in version of the time
series revealing chaotic motion. The red dashed circle is an example of a positive
voltage that signifies the pendulum being in the right potential well. Similarly, the blue
circle is an example of a negative value representing the pendulum’s location within
the left potential well. The dashed black line is the zero value between the potential
wells.
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corresponds to the trajectory of the tip of the pendulum with 1 Volt equivalent to 1
millimeter. Positive values represent the right potential well, circled red dash, while
negative values correspond to the left potential well, circled blue. A value of zero is the
position between both of the potential wells, denoted by the black dashed line.
Fracture Surface Classification
Figure 3.2 reports on all of the specimen’s break classifications.
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Figure 3.2 – Chaotic Loading Test Break Classification Counts. B, BD, and D stand for
brittle, brittle to ductile, and ductile, respectively.
Cycles Counts
Figure 3.3 shows a sample result of the two graphs generated per specimen. A
complete collection of graphs per specimen is located in Appendix D. Table 3.1 reveals
the number of cycles for the different amplitude ranges and the number of total cycles.
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Figure 3.3 – Histograms of cycles. The histograms were created from SP6D data. The
top graph depicts a histogram of three bins. The bototm graph shows a histogram of
bin size 0.25 mm
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Table 3.1 – Cycle count and break classification for chaotic loading test specimens.
B,BD, and D stand for brittle, brittle to ductile, and ductile, respectively.
Chaotic Loading Test Cycle Count

Specimen
1D
1E
1F
2D
2E
2F
3D
3E
3F
4D
4E
4F
5D
5E
5F
6D
6E
6F
7D
7E
7F
8D
8E
8F
9D
9E
9F
10D
10E
10F

Break
Type
BD
BD
BD
BD
D
BD
D
BD
BD
BD
BD
BD
D
BD
BD
BD
D
D
D
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD

Small
Amplitude
Cycles
11,356.0
21,751.5
9,035.5
11,418.5
13,406.0
42,723.5
28,783.5
20,431.0
15,429.0
34,454.5
1,588.0
32,693.0
9,592.5
29,490.0
4,835.0
60,002.5
37,653.0
9,317.5
22,828.5
19,840.0
10,971.5
2,808.0
8,359.0
17,093.0
10,556.5
18,279.5
19,308.5
6,051.0
10,896.5
37,969.0

Medium
Amplitude
Cycles
12,502.5
14,952.5
21,102.0
12,641.0
4,583.5
1,167.5
4,240.0
614.0
498.5
6,000.0
1,178.5
14,132.0
4,037.5
5,940.0
652.5
9,705.5

Large
Amplitude
Cycles
0.0
0.0
9,103.5
2,784.0
25,314.0
65,212.0
23,523.5
10,285.0
11,597.0
14,700.0
1,044.0
825.5
556.0
24,989.5
3,214.0
40,379.0

6,930.0
386.5
2,949.0
1,214.5
3.5
642.0
909.5
2,706.0
1,430.0
6.0
1,488.0
1,590.5
32,687.0
16,600.0

27,901.0
5,645.0
10,058.5
7,648.0
5,467.5
2,644.0
5,840.5
7,128.0
7,648.0
9,143.0
12,359.5
748.0
0.0
877.5
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Total Cycles
to Failure
23,858.5
36,704.0
39,241.0
26,843.5
43,303.5
109,103.0
56,547.0
31,330.0
27,524.5
55,154.5
3,810.5
47,650.0
14,186.0
60,419.5
8701.5
110,087.0
72,484.0
15,349.0
35,836.0
24,359.5
16,442.5
6,094.0
15,109.0
26,927.0
19,634.5
27,428.0
33,156.0
8,389.5
42,958.5
55,446.5

Palmgren-Miner Rule
Table 3.2 shows the damage accumulation parameters, uncertainty parameters,
and PMR prediction success.
Table 3.2 – Palmgren-Miner Rule analysis for chaotic loading test specimens. B,BD,
and D stand for brittle, brittle to ductile, and ductile, respectively.

Specimen
1D
1E
1F
2D
2E
2F
3D
3E
3F
4D
4E
4F
5D
5E
5F
6D
6E
6F
7D
7E
7F
8D
8E
8F
9D
9E
9F
10D
10E
10F

Break
Type
BD
BD
BD
BD
D
BD
D
BD
BD
BD
BD
BD
D
BD
BD
BD
D
D
D
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD

Chaotic Loading Test PMR
Total Cycles
Predicted Cycles
to Failure
to Failure
23,858.5
59,984.8
36,704.0
68,621.1
39,241.0
25,970.2
26,843.5
39,422.0
43,303.5
15,736.4
109,103.0
15,858.4
56,547.0
21,139.4
31,330.0
26,215.0
27,524.5
21,377.3
55,154.5
26,622.9
3,810.5
19,384.2
47,650.0
70,463.0
14,186.0
13,282.3
60,419.5
18,371.2
8,701.5
16,583.6
110,087.0
23,275.8
72,484.0
17,450.7
15,349.0
23,853.9
35,836.0
28,699.0
24,359.5
30,486.2
16,442.5
14,421.3
6,094.0
20,196.2
15,109.0
22,573.7
26,927.0
14,679.2
19,634.5
22,320.4
27,428.0
26,131.3
33,156.0
16,065.9
8,389.5
12,858.0
42,958.5
48,227.3
55,446.5
13,097.0

53

Damage
Accumulation
0.40 ± 0.12
0.53 ± 0.14
1.51 ± 0.46
0.68 ± 0.17
2.75 ± 1.15
6.88 ± 2.97
2.67 ± 1.07
1.20 ± 0.47
1.29 ± 0.53
1.45 ± 0.54
0.20 ± 0.05
0.68 ± 0.14
1.07 ± 0.44
3.29 ± 1.34
0.52 ± 0.22
4.73 ± 1.84
4.15 ± 1.72
0.64 ± 0.26
1.25 ± 0.46
0.94 ± 0.35
1.14 ± 0.50
0.30 ± 0.12
0.67 ± 0.27
1.83 ± 0.78
0.88 ± 0.35
1.05 ± 0.42
2.06 ± 0.88
0.65 ± 0.28
0.90 ± 0.30
4.23 ± 1.74

Prediction
Success
No
No
No
No
No
No
No
Yes
Yes
Yes
No
No
Yes
No
No
No
No
No
Yes
Yes
Yes
No
No
No
Yes
Yes
No
No
Yes
No

Phase Space Warping Analysis
PSW analysis was performed on 19 out of 30 chaotic loading test specimens.
Several of the other specimens exhibited signs of high frequency contamination and
therefore were not able to undergo PSW analysis. An example result of PSW analysis is
seen in Figure 3.4 and 3.5a-b. Figure 3.4 denotes a graph of the SOV. Breaks in the
continuum signify points of interest of the SOC. Figure 3.5a depicts SOC that correspond
to brittle and ductile mechanisms. Figure 3.5b shows the first few smooth orthogonal
modes (SOM) of the high frequency continuum. The SOC selected are specimen specific.
A complete catalog of specimens with their respective PSW outputs are contained in
Appendix D. Table 3.3 reveals the time scale of the fatigue damage versus the specimen’s
break classification.

Figure 3.4 – Index of SOC for SP4F. The first three points differ from the continuum and
are utilized to generate Figure 3.6. The bracketed area indicates the SOM continuum.
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Figure 3.5.a – SOC graphs of SP4F. The black lines signify brittle mechanisms while the
red lines indicate ductile mechanisms.

Figure 3.5.b – SOC continuum graphs of SP4F. The first several smooth orthogonal modes
of the continuum are distinguished by color.
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Table 3.3. – SOV values from PSW analysis. B,BD, and D stand for brittle, brittle to
ductile, and ductile, respectively. SOV with dashes indicate that PSW analysis was
not conducted on the specimen.
Chaotic Loading Test PSW
Specimen Break Type
Eigenvalues (SOV)
BD
1D
0.58; 0.56
BD
1E
-1F
BD
0.61; 0.58
BD
2D
0.91; 0.73
D
2E
-BD
2F
0.56; 0.54
D
3D
-BD
3E
0.60; 0.58; 0.56
3F
BD
-BD
4D
10.18; 3.25
BD
4E
8.80; 2.81; 2.36
BD
4F
70.31; 1.94
D
5D
46.63
BD
5E
1.45; 1.37
BD
5F
0.83; 0.80; 0.76
BD
6D
-D
6E
4.18
6F
D
-D
7D
-BD
7E
55.03; 3.05
BD
7F
608; 9.67; 6.34
BD
8D
-BD
8E
-BD
8F
4.28; 3.50 ; 2.98; 1.67; 1.31
BD
9D
-BD
9E
755.4; 22.54
BD
9F
-BD
10D
4.83; 1.82; 1.81
BD
10E
1.56; 1.45; 1.30
BD
10F
78.15; 2.35; 2.30
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Variable Amplitude Test
Voltage vs. Time Series
An example time series is seen in Figure 3.6. The area bracketed in red dash
denotes a small amplitude region while the blue bracketed area shows a large amplitude
region. The transition from small to large amplitude is revealed by the green circle.

Figure 3.6 – Time series of SP8B. The image shows a zoomed in portion of the time
series for clarification. The small amplitude region is highlighted by the red dash bracket.
The large amplitude region is shown by the blue bracket. The transition zone from small
to large amplitude is circled in green.
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Fracture Surface Classification
Figure 3.7 reports on all of the specimen’s break classifications.

11

3
2

Figure 3.7 – Variable Amplitude Test Break Classification Counts. B, BD, and D stand
for brittle, brittle to ductile, and ductile, respectively.
Cycle Counts
Figure 3.8 shows the large bin graph. Table 3.4 reveals the number of cycles for
the different amplitude ranges and the number of total cycles.
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small

medium

large

Figure 3.8 – Histogram of SP8B cycles. The three bin method was used to generate the
graph. Medium cycles are present but are not seen due to scale.
Table 3.4 – Cycle count and break classification for variable amplitude test specimens.
B,BD, and D stand for brittle, brittle to ductile, and ductile, respectively.
Variable Amplitude Test Cycle Count

Specimen
3B
3C
4B
4C
5B
5C
6B
6C
7B
7C
8B
8C
9B
9C
10B
10C

Break Type
B
BD
BD
D
BD
B
BD
BD
BD
BD
BD
BD
B
BD
D
BD

Small
Amplitude
Cycles
27,008.5
11,004.5
12,005.5
11,004.5
15,008.5
8,006.0
14,007.5
16,008.0
25,008.0
20,006.0
5,003.0
14,007.5
8,006.0
19,006.5
33,010.0
21,007.0

Medium
Amplitude
Cycles
19.5
7.5
8.0
7.5
9.5
4.5
9.0
10.5
18.0
14.5
3.0
9.0
4.5
13.5
24.0
15.0
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Large
Amplitude
Cycles
2,662.0
999.0
1,135.5
1,040.0
1,461.0
702.5
1,385.5
1,546.5
2,422.0
1,904.5
477.0
1,324.5
758.5
1,869.0
3,237.0
2,055.0

Total
Cycles to
Failure
29,690
12,011
13,149
12,052
16,479
8,713
15,402
17,565
27,448
21,925
5,483
15,341
8,769
20,889
36,271
23,077

Palmgren-Miner Rule
PMR analysis was carried out on the variable amplitude test specimens. The
damage accumulation parameters, uncertainty parameters, along with PMR prediction
success is reported in Table 3.5.
Table 3.5. – Palmgren-Miner Rule analysis for variable amplitude test specimens.
B,BD, and D stand for brittle, brittle to ductile, and ductile, respectively.

Specimen
3B
3C
4B
4C
5B
5C
6B
6C
7B
7C
8B
8C
9B
9C
10B
10C

Break
Type
B
BD
BD
D
BD
B
BD
BD
BD
BD
BD
BD
B
BD
D
BD

Variable Amplitude Test PMR
Total Cycles
Predicted Cycles
Damage
to Failure
to Failure
Accumulation
29,690
64,101
0.46 ± 0.12
12,011
66,683
0.18 ± 0.05
13,149
65,393
0.20 ± 0.05
12,052
65,417
0.18 ± 0.05
16,479
64,492
0.26 ± 0.07
8,713
67,763
0.13 ± 0.03
15,402
63,993
0.24 ± 0.06
17,565
64,729
0.27 ± 0.07
27,448
64,649
0.42 ± 0.11
21,925
65,187
0.34 ± 0.09
5,483
65,144
0.08 ± 0.02
15,341
65,402
0.23 ± 0.06
8,769
65,344
0.13 ± 0.03
20,889
64,173
0.33 ± 0.09
36,271
64,259
0.56 ± 0.15
23,077
64,335
0.36 ± 0.09

Prediction
Success
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

Four-Point Bend Test
A sample graph of the stress vs. strain curve is shown in Figure 3.9. A complete
catalog of stress vs. strain graphs are located in Appendix D. The modulus, maximum
stress, and strain at maximum stress are detailed in Table 3.6.
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Figure 3.9 – Stress vs. strain plot. The plotted specimen in SP4A. The maximum stress is
circled in red. The Young’s modulus is the slop of the linear region bracketed in blue.

Table 3.6. – Results from four-point bend test.
Four-Point Bend Results
Modulus smax e@smax
Specimen
(GPa)
(MPa)
(%)
5.30
133.61
3.10
1A
2A
6.60
167.24 3.93
5.51
198.77 5.46
3A
4A
5.74
178.75 4.43
4.34
98.66 2.83
5A
6A
4.68
96.26 2.54
7A
6.43
168.17 3.60
8A
5.74
164.22 4.58
9A
6.75
273.97 6.88
10A
5.01
113.57 2.92
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Statistical Analysis
From both tests of linear regression and logistic regression with stepwise variable
selection, no statistically significant correlations were determined. This is exemplified by
Figure 3.10 that shows a linear regression applied to the data with a low R2 value. A full
report of the statistical analysis results are contained in Appendix D.

Figure 3.10 – Scatter plot of total cycles to failure vs. modulus for chaotic loading
specimens. A linear regression was conducted on the data and has a reported R2 value of
0.0063.

62

CHAPTER FOUR
Discussion
This study acted as a continuation of Cler’s research to elicited the difference in
the prediction capabilities of both PMR and PSW [45]. By using chaotic loading, the
bone was forced under conditions that more accurately describe natural loading
conditions. Therefore, the prediction method that could determine the fatigue point of the
chaotically loaded bone was a superior prediction mode. By utilizing a larger sample size
and examining the mechanical properties of the bone, the natural variance of the
specimens was intended to be accounted for.
The order of discussion will be the reverse of the order in which the results were
presented. The logic is to take what is learned from the simpler case and apply it the next,
more complex, case. First, the four-point bend test results are analyzed. Then, the
variable amplitude test results are examined. Lastly, the results of the chaotic loading test
will be analyzed and compared to the pilot study.
Four-point Bend
The results of the four-point bend were used to determine the baseline
characteristics of each individual bone. By identifying specimens that were outside of
normal property ranges, the further results within variable amplitude and chaotic loading
tests could be held to a certain level of scrutiny. It was found that the average of the ten
specimens’ maximum stress was 159.32 MPa which was within the range of values found
in literature. The literature value used for maximum stress was 142 ± 13 MPa [94]. The
strain and Young’s modulus are dependant on multiple factors, such as strain rate, bone
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density, and anatomic localization of the specimen, which make it difficult to compare
values between results and published sets of data [95]. Although the average value fell
within a suitable range, there is great variance present among the maximum stress. The
variance is attributed to natural variance between bones. However, more specific factors
such as age, gender, and health of the animals from which the bones were collected
cannot be examined due to limiting information from the procurement source.
Variable Amplitude Test
From Campbell’s study, the foundation work of this investigation, a relationship
was established that correlated amplitude to fracture mechanic [45]. Cyclic low amplitude
fatigue corresponded to the specimen breaking in a ductile fashion, cyclic high amplitude
fatigue corresponded to the specimen experiencing a brittle break, and cyclic medium
amplitude fatigue had specimens exhibit a mixed ductile and brittle fracture. Within the
study, the majority of specimens that underwent this loading experienced a mixed mode
break (BD). The results paralleled Campbell’s findings and are expected, due to the
mixed loading nature of the method [44]. Although five samples did not adhere to the
mixed mode break, the ratio of single mode to mixed mode breaks resemble those found
in Campbell’s study. These five samples could have had specimen specific conditions;
their pre-test state may have contained malformations or significantly accumulated
damage that skewed the results. By examining the results of the four point bend, three of
the five specimens that exhibited a single mode fracture are from bones that exhibit
maximum stress more than two deviations away from the average. The natural variance
within the specimens can explain the discrepancies these specimens experienced when
compared to the other specimens.
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By using the PMR, the predicted cycles to failure for this loading pattern was
determined to be 63,780. However, when factoring in the uncertainty for each specimen,
the true endurance limits fluctuated slightly around this number and varied from
specimen to specimen. Yet, all of the specimens broke much sooner than the predicted
endurance limit. All of the specimens broke during the large amplitude phase. This result
reinforces the findings of Campbell. Therefore, the specimen accumulated too much
damage to withstand the higher amplitude forcing and not enough to fracture during the
small amplitude phase. This result is supported by the BD fracture surface of the majority
of the specimens. The specimens exhibited behavior of a transition from slow ductile to
fast brittle breaks.
The fracture surfaces and cycles to failure of specimens clearly demonstrate that
the PMR was inadequate in predicting the endurance limit for this variable amplitude
forcing. The poor prediction success of the PMR was also reported by Campbell and
Zioupos et al [44,93]. The linear accumulation rule was not accurate enough to handle a
true mixing of failure mechanics. Therefore, it is evident there is a need for a more
sophisticated prediction method.
Chaotic Amplitude Loading
The success of the PMR will be analyzed first. For 20 of the 30 specimens the
PMR did not accurately predict the endurance limit of the sample. Seven of the twenty
specimens broke much later than the PMR predicted. This phenomenon is noted in Cler’s
work and is contrary to the variable amplitude results [45]. It is important to note that
there are several key differences in the experimental setups that can be factors for this
contradiction.
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The first is that within the variable amplitude hardware, two rollers are utilized to
control the specimen’s movement. The rollers limit the bending amount of each cycle and
did not actively apply a load to the specimen. The chaotic loading test had the specimen
be a pendulum that hung over two magnetic wells. The specimen had the ability to swing
freely over the wells. The magnetic wells also applied a tensile load to the specimen. The
presence of a tensile load is supported by scanning electron microscope images detailing
osteon pullout within the specimens. Osteon pullout is dependent upon the location and
the manner in which the bone was fractured [52]. The tensile load may have changed how
the specimen reacted to the fatiguing process. Lastly, the amplitude of each cycle was not
dictated. This allowed for three categories of amplitude to exist within the chaotic loading
test compared to two major amplitudes found in the variable amplitude test. The medium
amplitude was seen only a handful of times within the variable amplitude test. Therefore,
the medium amplitude played only a minute role in the variable amplitude test. A more
prevalent medium amplitude could have triggered different strengthening mechanisms of
the material that would have lowered the stresses experienced by the specimen. The
change in experimental setup overall could have allowed for the specimen to adjust its
motion to experience less overall stress during the fatiguing process.
For the remaining ten specimens, the fatigue limit was successfully predicted by
the PMR. Within Cler’s pilot study, it was determined that if a singular fracture
mechanism was present then the PMR would most likely be successful for predicting the
fatigue life [45]. Of the ten specimens that the PMR successfully predicted, three were
expected because the specimens exhibited only one predominate fracture type. Based on
the results and previous section results of PMR, it is evident that it becomes less reliable
with a more complex loading system.

66

Figure 4.1 – SOV index for SP7E. The red dash and black arrows reveal ductile and
brittle damage modes respectively. The blue bracket reveals the high frequency noise
floor.
Next, the results of PSW will be examined. This study reinforced several of the
findings presented in the previous study [45]. PSW is capable of distinguishing between
different fatigue modes within the specimens. The graphs of the SOV indexes reveal the
various damage modes along with their time scale. Figure 4.1 demonstrates this
capability. The red dash and black arrows point to the SOV that corresponds to the
ductile and brittle damage modes, respectively. The damage modes are distinctly isolated
from the continuum that is bracketed in blue. The continuum is defined as the high
frequency noise floor.
PSW analysis presents a mean for identifying damage modes based off of the
SOV. Cler was able to link SOV to damage types identified from SEM images [45]. The
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larger SOV correspond the lower frequencies of damage accumulation. The lower
frequencies, slow time scale, of damage accumulation denote a ductile break. The smaller
SOV correspond to the higher frequencies of damage. These higher frequencies, fast time
scale, of damage accumulation are linked to a brittle break. The distinction between the
different damage accumulation modes is, for the most part, easy to observe. As in Figure
4.1, there is a large distance between the red and black arrowed values. However, when
comparing inter-experimental SOV, difficulties arise. For example, the SOV for 5D and
6E are 46.63 and 4.18, respectively. Both SOVs are describing ductile fractures and yet
their values differ by an order of magnitude. The unique nature of each specimen’s
stiffness damage evolution may be the source of discrepancies.
Graphs of SOCs were generated based off of the distinct SOVs for each specimen.
Each separate group of SOVs corresponds to district damage modes. Figure 3.6.a shows
the SOC for the specific SOVs while Figure 3.6.b graphs the SOCs that are linked to the
first 3 SOVs of the continuum. The graphs of the continuum’s SOC contain a great
amount of high frequency noise; therefore, they were not used within the analysis. Those
graphs are only used for reference. The graphs of the significant SOVs appear to hold no
trend for the SOCs. Like the distinct SOVs themselves, the specific damage evolution of
each specimen may be the rationale for this observation.
It is important to reiterate that PSW is capable of isolating ductile and brittle
fracture mechanics for each specimen. This is the first step in developing new
damage/fatigue laws for bone. Although trends of SOVs and their corresponding SOCs
have yet to be developed, the success of PSW conducted on metal demonstrates its
possibility [76]. More testing that limits specimen variability should be conducted.
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Statistical Analysis
From the results of the statistical analysis it is seen that there is a substantial
amount of variability between specimens. All linear regressions reported low R2 values
that indicate a lack of statistically significant correlation between the variables. The
variability has possibly prevented more trends to be establish between SOVs and damage
modes.
Conclusion
From the evidence put forth, in conjunction with data from both the pilot studies
of Campbell and Cler, the PMR does not appear to provide a reliable and accurate
prediction for fatigue life of bovine bone when there is more than one active damage
mechanism [44,45]. There are differences between the reliability of the PMR for the
variable amplitude and chaotic loading tests. The differences can be attributed to the
change in experimental hardware, such as changing between cam rollers and magnetic
wells, that allowed the specimens to experience the fatigue process differently.
This study acted as a continuation of Cler’s novel pilot study that applied PSW to
bone tissue [45]. Similarly, the findings indicate that PSW may be a novel method to
monitor bone health and more reliably predict the fatigue life of bone. PSW has the
ability to differentiate between ductile and brittle damage modes for individual
specimens. Although no trends have been established for SOVs, the fact SOVs are
correlated with damage modes within bone specimens is a promising first step to
developing a more comprehensive bone damage law. It is evident from the variance of
mechanical properties and last of statistical correlations that variance should be
controlled.

69

Being a continuation, this study has produced results of a similar nature to both
pilot studies but on a larger scale [44,45]. With more evidence supporting the promise of
PSW, the prediction method should be pursued to gain more knowledge of the fatigue
and fracture mechanics of bone.
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CHAPTER FIVE
Future Work
This final chapter will discuss the changes that were enacted from the previous
study alongside proposed changes for future work. It is thought by examining changes in
the experimental design that a more consistent procedure may be produced.
Improvements – Previous Study
Several recommendations from Cler’s study were enacted [45]. The first was the
addition of the low-pass filter to prevent high frequency noise from infiltrating the data.
The success of the low pass filter is questionable. It is evident that several of the
specimens were not able to undergo PSW due to high frequency contamination. The filter
may have helped in refining the successful PSW analyses results but it is not a perfect
solution to contamination. The modifications to specimen production has yielded six
specimens, compared to three, from a single bovine femur. This has allowed for statistical
significance to be more easily achieved.
Improvements – Future Study
Even with implementing the changes there are several areas that may be
addressed to help control variance. The first is attempting to reduce the high frequency
noise present in the chaotic loading test. The arm that connects the shaker to the C-Frame
has been identified as the possible source of the high frequency noise contamination. The
connector piece was extended from 1.5 in, from the variable amplitude test, to 8 in. The
elongation was conducted to reduce the magnetic interference of the shaker with the rare
earth magnets. In order to reduce the high frequency noise, the connector arm must

71

change. It is proposed that the strength of the magnetic field generated by the shaker be
determined. Once the source of the strength is determined then the force it exerts on the
rare earth magnets may be determined. Knowing this force value, the connector arm will
be reduced until a significant difference of one percent increase is determined. Then
effects of electromagnetic shielding should be examined to further reduce the connector
arm length. The goal is to utilize distance and shielding to reduce the overall arm length
in hopes of reducing high frequency noise contamination.
Second, the variance in the age of the bovine should be reduced. The current
information of the cattle is highly limited. The cows range from 8 to 30 moths old. This
can be seen as highly problematic. In general, cows begin puberty around 12.5 months
old and are typically bred at 24 months [96]. Puberty is seen as a time of great change
within the body that indeed affect bone in structure and BMD [97,98]. Thus, the structure
and properties of bone will be drastically different between cows before, during, and after
puberty. Even during the stages of puberty the bone will be vastly different. Even at the
24 month mark, first-time breeding heifers are typically only at 60 present of their mature
weight [99,100]. Weight also impacts the properties of bone. Therefore, to reduce
variability between specimens and to establish SOV patterns, animals who have
undergone puberty and are skeletally mature should be selected. This may involve
selecting an animal model in which the age, gender, and health of the individual are
readily available. An example would be sheep. There is already natural variance between
individuals, this variance is being amplified by the lack of control of the experimental
subject selection. Once patterns have been established, less consistent subject groups may
be selected to eliciting more complex system laws.
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Lastly, a method to maintain a consistent bone moisture level should be
developed. Within the study, dry bone specimens were tested. The specimens were set
out to dry 7 hours before testing began. This was done in order to have a uniform
moisture level between specimens and to stabilize the resonance frequency of the
specimen. It is known that wet bone has different mechanical properties than dry bone. In
order to better capture the true fatigue process of bone, wet bone should be used. A
proposed solution is to have a saline drip for the specimen while in the testing rig. This
will keep the bone properly moisten over the entirety of the test. It should be validate that
the resonant frequency does not change over an twelve hour time span, or the length of
time for the longest test with a factor of safety of 1.5. The goal is to maintain wet bone
properties while stabilizing resonant frequency. With the described changes a more
holistic view of the fatigue process of bone can be determined.
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APPENDIX A
Data Logbook
Table A.1 – Chaotic loading test data logbook. This contains specifications of
specimen and parameters the chaotic loading test were run at.
Chaotic Loading Data Logbook
Specimen
Name

Thickness
(in)

Notch
Width
(in)

Gauge
Length
(in)

Right well
frequency
(Hz)

Left well
frequency
(Hz)

Average
Frequency
(Hz)

Amplitude

1D
1E
1F
2D
2E
2F
3D
3E
3F
4D
4E
4F
5D
5E
5F
6D
6E
6F
7D
7E
7F
8D
8E
8F
9D
9E
9F
10D
10E
10F

0.0840
0.1180
0.0960
0.0950
0.1000
0.1010
0.0940
0.0960
0.0830
0.0964
0.0980
0.0900
0.0928
0.1050
0.0939
0.0980
0.0917
0.1030
0.0979
0.1080
0.0980
0.1100
0.0970
0.1110
0.0990
0.1051
0.0975
0.1080
0.0900
0.1110

0.3472
0.3464
0.3445
0.3278
0.3378
0.3207
0.3328
0.3294
0.3248
0.3254
0.3327
0.3228
0.3380
0.3341
0.3409
0.3410
0.3392
0.3210
0.3221
0.3296
0.3359
0.3396
0.3322
0.3446
0.3416
0.3491
0.3359
0.3298
0.3232
0.3383

0.9190
0.9495
0.9148
0.9055
0.9851
0.9561
0.9930
0.9697
0.9583
0.9815
0.9879
0.9989
0.9001
0.9865
0.9613
0.9990
0.9528
0.9480
0.9801
0.9228
0.9498
0.9901
0.9575
0.9845
0.9739
0.9586
0.9247
0.9666
0.9083
0.9626

9.7690
9.5814
9.9283
9.5801
9.0170
9.1209
9.8627
9.4843
9.8449
9.2094
9.5523
9.6299
9.0320
9.6147
9.3624
9.0495
9.4896
9.1925
9.1231
9.2055
9.1465
9.1891
9.0427
9.6352
9.2819
9.5386
9.6952
9.4991
9.5358
9.4452

9.4923
9.6947
9.9727
9.3278
9.8378
9.7391
9.9542
9.0319
9.3569
9.6627
9.2815
9.2304
9.7111
9.6246
9.5906
9.6604
9.0476
9.3488
9.4513
9.2409
9.7150
9.8562
9.2815
9.7311
9.1378
9.8367
9.1386
9.5882
9.3662
9.8068

9.63
9.64
9.95
9.45
9.43
9.43
9.91
9.26
9.60
9.44
9.42
9.43
9.37
9.62
9.48
9.35
9.27
9.27
9.29
9.22
9.43
9.52
9.16
9.68
9.21
9.69
9.42
9.54
9.45
9.63

1.60
1.65
2.00
3.60
2.40
2.20
1.50
3.90
2.25
3.50
2.80
2.10
3.60
3.40
2.35
2.40
3.70
2.25
2.05
2.80
3.70
3.10
2.10
3.20
3.80
2.60
2.60
1.90
1.20
1.55
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Table A.2 – Variable amplitude test data logbook. This contains specifications
of specimen used in the variable amplitude test.
Variable Amplitude Data Logbook
Specimen
Name

Thickness
(in)

Notch Width
(in)

Gauge Length
(in)

3B
3C
4B
4C
5B
5C
6B
6C
7B
7C
8B
8C
9B
9C
10B
10C

0.0950
0.1110
0.0955
0.0972
0.0970
0.1200
0.0980
0.0922
0.0980
0.0960
0.0930
0.1090
0.1050
0.0985
0.0938
0.1000

0.3354
0.3465
0.3376
0.3246
0.3260
0.3322
0.3425
0.3448
0.3437
0.3296
0.3360
0.3227
0.3234
0.3241
0.3404
0.3349

0.9661
0.9730
0.9891
0.9982
0.9769
0.9581
0.9928
0.9580
0.9017
0.9121
0.9863
0.9484
0.9845
0.9209
0.9552
0.9630

Table A.3 – Four-point bend test data logbook. This contains specifications of specimen
used in the four-point bend test.
Four-Point Bend Data Log Book
Specimen
Name

Length
(in)

Width
(in)

Thickness
(in)

1A
2A
3A
4A
5A
6A
7A
8A
9A
10A

3.067
2.527
2.764
2.530
2.935
2.874
2.511
2.575
2.994
3.235

0.520
0.500
0.470
0.495
0.496
0.476
0.498
0.495
0.497
0.500

0.1100
0.0950
0.1030
0.0980
0.0970
0.0930
0.1135
0.1060
0.1160
0.0920

76

APPENDIX B
Specimen photos with 18-megapixel camera
Group 1

Figure B.1.a – Specimen 1D: chaotic loading

Figure B.1.b – Specimen 1E: chaotic loading

Figure B.1.c – Specimen 1F: chaotic loading
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Group 2

Figure B.2.a – Specimen 2D: chaotic loading

Figure B.2.b – Specimen 2E: chaotic loading

Figure B.2.c – Specimen 2F: chaotic loading
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Group 3

Figure B.3.a – Specimen 3B: variable amplitude loading

Figure B.3.b – Specimen 3C: variable amplitude loading

Figure B.3.c – Specimen 3D: chaotic loading

Figure B.3.d – Specimen 3E: chaotic loading

Figure B.3.e – Specimen 3F: chaotic loading
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Group 4

Figure B.4.a – Specimen 4B: variable amplitude loading

Figure B.4.b – Specimen 4C: variable amplitude loading

Figure B.4.c – Specimen 4D: chaotic loading

Figure B.4.d – Specimen 4E: chaotic loading

Figure B.4.e – Specimen 4F: chaotic loading
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Group 5

Figure B.5.a – Specimen 5B: variable amplitude loading

Figure B.5.b – Specimen 5C: variable amplitude loading

Figure B.5.c – Specimen 5D: chaotic loading

Figure B.5.d – Specimen 5E: chaotic loading

Figure B.5.e – Specimen 5F: chaotic loading
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Group 6

Figure B.6.a – Specimen 6B: variable amplitude loading

Figure B.6.b – Specimen 6C: variable amplitude loading

Figure B.6.c – Specimen 6D: chaotic loading

Figure B.6.d – Specimen 6E: chaotic loading

Figure B.4.e – Specimen 6F: chaotic loading
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Group 7

Figure B.7.a – Specimen 7B: variable amplitude loading

Figure B.7.b – Specimen 7C: variable amplitude loading

Figure B.7.c – Specimen 7D: chaotic loading

Figure B.7.d – Specimen 7E: chaotic loading

Figure B.7.e – Specimen 7F: chaotic loading
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Group 8

Figure B.8.a – Specimen 8B: variable amplitude loading

Figure B.8.b – Specimen 8C: variable amplitude loading

Figure B.8.c – Specimen 8D: chaotic loading

Figure B.8.d – Specimen 8E: chaotic loading

Figure B.8.e – Specimen 8F: chaotic loading
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Group 9

Figure B.9.a – Specimen 9B: variable amplitude loading

Figure B.9.b – Specimen 9C: variable amplitude loading

Figure B.9.c – Specimen 9D: chaotic loading

Figure B.9.d – Specimen 9E: chaotic loading

Figure B.9.e – Specimen 9F: chaotic loading
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Group 10

Figure B.10.a – Specimen 10B: variable amplitude loading

Figure B.10.b – Specimen 10C: variable amplitude loading

Figure B.10.c – Specimen 10D: chaotic loading

Figure B.10.d – Specimen 10E: chaotic loading

Figure B.10.e – Specimen 10F: chaotic loading
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APPENDIX C
Fracture Surface SEM Images

Chaotic Loading Test

Figure C.1 – Specimen 1D: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.2 – Specimen 1E: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.3 – Specimen 1F: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.4 – Specimen 2D: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.5 – Specimen 2E: D break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ and ’B’ denote osteon pullout and beach markings,
respectively.

Figure C.6 – Specimen 2F: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.7 – Specimen 3D: D break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ and ’B’ denote osteon pullout and beach markings,
respectively.

Figure C.8 – Specimen 3E: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.9 – Specimen 3F: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.10 – Specimen 4D: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.11 – Specimen 4E: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.12 – Specimen 4F: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.13 – Specimen 5D: D break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ and ’B’ denote osteon pullout and beach markings,
respectively.

Figure C.14 – Specimen 5E: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.15 – Specimen 5F: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.16 – Specimen 6D: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.17 – Specimen 6E: D break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ and ’B’ denote osteon pullout and beach markings,
respectively.

Figure C.18 – Specimen 6F: D break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ and ’B’ denote osteon pullout and beach markings,
respectively.
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Figure C.19 – Specimen 7D: D break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ and ’B’ denote osteon pullout and beach markings,
respectively.

Figure C.20 – Specimen 7E: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.21 – Specimen 7F: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.22 – Specimen 8D: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.23 – Specimen 8E: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.24 – Specimen 8F: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.25 – Specimen 9D: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.26 – Specimen 9E: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.27 – Specimen 9F: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.28 – Specimen 10D: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.29 – Specimen 10E: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.30 – Specimen 10F: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Variable Amplitude Test

Figure C.31 – Specimen 3B: B break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ denotes delamination.

Figure C.32 – Specimen 3C: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.33 – Specimen 4B: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.34 – Specimen 4C: D break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ and ’B’ denote osteon pullout and beach markings,
respectively.

103

Figure C.35 – Specimen 5B: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.36 – Specimen 5C: B break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ denotes delamination.
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Figure C.37 – Specimen 6B: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.38 – Specimen 6C: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.39 – Specimen 7B: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.40 – Specimen 7C: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.41 – Specimen 8B: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.

Figure C.42 – Specimen 8C: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.43 – Specimen 9B: B break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ denotes delamination.

Figure C.44 – Specimen 9C: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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Figure C.45 – Specimen 10B: D break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’ and ‘B’ denote osteon pullout and beach markings,
respectively.

Figure C.46 – Specimen 10C: BD break. Taken with the 15kV SE settings at 50x
magnification. Arrows ‘A’,’B’, and ‘C’ denote osteon pullout, beach markings and
delamination, respectively.
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APPENDIX D
Data Summaries

Chaotic Loading Test

a

b
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d

e

f

g

Figure D.1 – Specimen 1D plots. a) voltage vs. time b) zoomed time series c) three bin
histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f) SOM of
eigenvalue g) SOC continuum
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d

Figure D.2 – Specimen 1E plots. a) voltage vs. time b) zoomed time series c) three bin
histogram of cycle count d) 0.25mm bin cycle count histogram. There was no PSW data.
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Figure D.3 – Specimen 1F plots. a) voltage vs. time b) zoomed time series c) three bin
histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f) SOM of
eigenvalue g) SOC continuum
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Figure D.4 – Specimen 2D plots. a) voltage vs. time b) zoomed time series c) three bin
histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f) SOM
of eigenvalue g) SOC continuum
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Figure D.5 – Specimen 2E plots. a) voltage vs. time b) zoomed time series c) three bin
histogram of cycle count d) 0.25mm bin cycle count histogram. There was no PSW
Data.
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Figure D.6 – Specimen 2F plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.7 – Specimen 3D plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram. There was no
PSW data.
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Figure D.8 – Specimen 3E plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.9 – Specimen 3F plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram. There was no
PSW data.
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Figure D.10 – Specimen 4D plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.11 – Specimen 4E plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.12 – Specimen 4F plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.13 – Specimen 5D plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.14 – Specimen 5E plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.15 – Specimen 5F plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.16 – Specimen 6D plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram. There was no
PSW data.
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Figure D.17 – Specimen 6E plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.18 – Specimen 6F plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram. There was no
PSW data.
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Figure D.19 – Specimen 7D plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram. There was no
PSW data.
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Figure D.20 – Specimen 7E plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.21 – Specimen 7F plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.22 – Specimen 8D plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram. There was no
PSW data.
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Figure D.23 – Specimen 8E plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram. There was no
PSW data.
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Figure D.24 – Specimen 8F plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.25 – Specimen 9D plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram. There was no
PSW data.
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Figure D.26 – Specimen 9E plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.27 – Specimen 9F plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram. There was no
PSW data.
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Figure D.28 – Specimen 10D plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.29 – Specimen 10E plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Figure D.30 – Specimen 10F plots. a) voltage vs. time b) zoomed time series c) three
bin histogram of cycle count d) 0.25mm bin cycle count histogram e) SOC index f)
SOM of eigenvalue g) SOC continuum
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Variable Amplitude Test

Figure D.31 – Specimen 3B plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.32 – Specimen 3C plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.33 – Specimen 4B plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.34 – Specimen 4C plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.35 – Specimen 5B plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.36 – Specimen 5C plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.37 – Specimen 6B plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.38 – Specimen 6C plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.39 – Specimen 7B plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.40 – Specimen 7C plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.41 – Specimen 8B plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.42 – Specimen 8C plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.43 – Specimen 9B plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.44 – Specimen 9C plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Figure D.45 – Specimen 10B plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.

154

Figure D.46 – Specimen 10C plots. Top plot is of the specimen time
series. The bottom plot shows the three bin histogram of the cycle
counts.
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Four-Point Bend Test

Figure D.47 – Stress vs. Strain plot for specimen 1A

Figure D.48 – Stress vs. Strain plot for specimen 2A
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Figure D.49 – Stress vs. Strain plot for specimen 3A

Figure D.50 – Stress vs. Strain plot for specimen 4A

157

Figure D.51 – Stress vs. Strain plot for specimen 5A

Figure D.52 – Stress vs. Strain plot for specimen 6A
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Figure D.53 – Stress vs. Strain plot for specimen 7A

Figure D.54 – Stress vs. Strain plot for specimen 8A
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Figure D.55 – Stress vs. Strain plot for specimen 9A

Figure D.56 – Stress vs. Strain plot for specimen 10A
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Statistical Analysis

Figure D.57 – Chaotic loading total cycles to failure vs. modulus.

Figure D.58 – Chaotic loading total cycles to failure vs. max stress
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Figure D.59 – Chaotic loading total cycles to failure vs. strain at max stress.

Figure D.60 – Chaotic loading total cycles to failure vs. stiffness.
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Table D.1 – Data table from chaotic loading correlations.
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Table D.2 – Data table from chaotic loading stiffness correlation.
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Figure D.61 – Variable amplitude total cycles to failure vs. modulus.

Figure D.62 – Variable amplitude total cycles to failure vs. max stress.
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Figure D.63 – Variable amplitude total cycles to failure vs. strain at max stress

Figure D.64 – Variable amplitude total cycles to failure vs. stiffness.
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Table D.3 – Data table from variable amplitude correlations.

Table D.4 – Data table from variable amplitude stiffness correlation.
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APPENDIX E
MATLAB Code

ResonantFrequencyLVM.m

%This program plots the frequency of the .lvm file outputted by LabView
%It uses the 'RFreadColData.m' file to call in the data file
clear clc
%Define file you want to call
fname=input('Laser Data File Name
');
%Call text and dat files%LTo is the Laser original time, Volt is the
laser voltage [labels,LTo,Volt] = readColData(fname,2,0,0);
Fs=200;t=0:1/Fs;x=Volt;figure pwelch(x,[],[],[],Fs,'onesided');
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LaserLabViewCUTv2.m
clc
close all
%Gets file you want to call
[fn,~]=uigetfile('*.*');
A = strsplit(fn,'.');
fname = A(1,1);
%Name .txt file from original and convert to str
filename = strcat(fname,'.txt');
filename = filename{1};
A = importdata(fn);
%LTo is the Laser original time, Volt is the laser voltage
LTo = A(:,1);
Volt = A(:,2);
%Set Laser actual time (LT)
%LT is the Laser zeroed time
LT = zeros(length(LTo),1);

for x=1:length(LTo)
LT(x)=LTo(x)-LTo(1);
end
%Zero the voltage outputted by the laser
V = zeros(length(Volt),1);
for x=1:length(Volt)
V(x)=Volt(x)-Volt(1);
end
VV=reshape(V,length(V),1);
%Graph all figures
figure;
%Plot
plot(LT,VV,'r');
xlabel('Time (sec)');
ylabel('Volt');
title('Volt vs Time');
axis tight;
%What needs to be trimmed?
Dbefore = input('Delete data before time
Dafter = input('Delete data after time

');
');

%Trim using index
[~,idxDb] = ismember(Dbefore,LTo); [~,idxDa] = ismember(Dafter,LTo);
LT = LTo(idxDb:idxDa)';
TVolt = Volt(idxDb:idxDa)';
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Data = [LT; TVolt];
%Save as .txt file
fid=fopen(filename,'w');
fprintf(fid,'%12.3f %12.6f\r\n',Data);
fclose(fid);
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rainflow_bins_mod3.m
% This code creates the histogram with 0.25 mm bin sizes
%Creator info
%
% rainflow_bins.m ver 2.1 September 20, 2013
% by Tom Irvine Email: tom@vibrationdata.com
% ASTM E 1049-85 (2005) Rainflow Counting Method
%
% What follows is a modified version of Mr. Irvine's code
% Updated: Marcus Hurtado (2018)
%
close all;
clear all;
%
%To know how long the code took to run
tic
%
fig_num=1;
%
%Define file you want to call
[fname,~]=uigetfile('*.*');
A = strsplit(fname,'.');
fname2 = A(1,1);
%Call .lvm file
A = importdata(fname);
LTo = A(:,1);
Volt = A(:,2);
%LTo is the Laser original time, Volt is the laser voltage
%
y=double(Volt);
m=length(y)-1;
a=zeros(m,1);
% max and mins
t=zeros(m,1);
% loc a
a(1)=y(1);
t(1)=1;
k=2;
%
%Slope calculation
% TO SPEED UP MAYBE CHANGE TO DIFF(
<--------------------------------------------------------------------------------slope1=(y(2)-y(1));
for i=2:m
slope2=(y(i+1)-y(i));
if((slope1*slope2)<=0)
a(k)=y(i);
t(k)=i;
k=k+1;
end
slope1=slope2;
end
%
a(k)=y(m+1);
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t(k)=t(k-1)+1;
k=k+1;
%
clear temp;
temp(1:k-1)=a(1:k-1);
clear a;
a=temp;
%
clear temp;
temp(1:k-1)=t(1:k-1);
clear t;
t=temp;
%
% ensuring column vector
sza=size(a);
if(sza(2)>sza(1))
a=a';
end
szt=size(t);
if(szt(2)>szt(1))
t=t';
end
aa=[t a];
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%
%
Rules for this method are as follows: let X denote
%
range under consideration; Y, previous range adjacent to X
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%
%
n=1;
i=1;
j=2;
%
aamax=0;
B=zeros(m,4);
a_mean=zeros(m,2);
kv=1;
msa_orig=max(size(aa));
% matrix of cycles
while(1)
msa=max(size(aa));
% # rows in aa (continually
decreasing)...
%
if((j+1)>=msa)
break;
% 1 value at start or at the
end --> exit loop
end
if((i+1)>=msa)
break;
end
%
Y=(abs(aa(i,2)-aa(i+1,2)));
% Prev. R
X=(abs(aa(j,2)-aa(j+1,2)));
% Consider
%
if(Y<=1)
aa(i,:)=[];
% clear noise
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i=1;
j=2;
else
if(X<=1)
aa(j:j+1,:)=[];
i=1;
j=2;
else
B(kv,2)=0.5;
am=[aa(i,2) aa(i+1,2)];
B(kv,3)=am(1);
B(kv,4)=am(2);
aa(1,:)=[];
B(kv,1)=Y;
if(Y>aamax)
p1=aa(i,2);
p2=aa(i+1,2);
tp1=aa(i,1);
tp2=aa(i+1,1);
aamax=Y;
end
kv=kv+1;
i=1;
j=2;
end
end

% create matrix for bin sorting

end
%
% Count each range that has not been previously counted
%
N=max(size(aa));
disp(' ');
for i=(N-1)
Y=(abs(aa(i,2)-aa(i+1,2)));
%
if(Y>1)
B(kv,1)=Y;
B(kv,2)=0.5;
am=[aa(i,2) aa(i+1,2)];
B(kv,3)=am(1);
B(kv,4)=am(2);
if(Y>aamax)
p1=aa(i,2);
p2=aa(i+1,2);
tp1=aa(i,1);
tp2=aa(i+1,1);
aamax=Y;
end
kv=kv+1;
end
end
%
%Bin sorting
% amax=max(B(:,1));
% recall, 1 V = 1 mm
L = [0:0.25:20];
%
num=max(size(L))-1;
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C=zeros(num,1);
%
AverageMean=zeros(num,1);
MaxMean=ones(num,1);
MinMean=ones(num,1);
%
MaxPeak=ones(num,1);
MinValley=ones(num,1);
%
MaxAmp=zeros(num,1);
AverageAmp=zeros(num,1);
%
kvn=kv-1;
%
for i=1:kvn
for ijk=1:num
Y=B(i,1);
if(Y>=L(ijk) && Y<=L(ijk+1))
C(ijk)=C(ijk)+B(i,2);
bm=(B(i,3)+B(i,4))/2;
if(B(i,3)>MaxPeak(ijk))
MaxPeak(ijk)=B(i,3);
end
if(B(i,4)>MaxPeak(ijk))
MaxPeak(ijk)=B(i,4);
end
if(B(i,3)<MinValley(ijk))
MinValley(ijk)=B(i,3);
end
if(B(i,4)<MinValley(ijk))
MinValley(ijk)=B(i,4);
end
%
AverageAmp(ijk)=AverageAmp(ijk)+B(i,1)*B(i,2);
AverageMean(ijk)=AverageMean(ijk)+bm*B(i,2);
%
if( bm > MaxMean(ijk))
MaxMean(ijk)=bm;
end
if( bm < MinMean(ijk))
MinMean(ijk)=bm;
end
%
if(B(i,1)>MaxAmp(ijk))
MaxAmp(ijk)=B(i,1);
end
end
end
end
for ijk=1:num
if( C(ijk)>0)
AverageAmp(ijk)=AverageAmp(ijk)/C(ijk);
AverageMean(ijk)=AverageMean(ijk)/C(ijk);
end
end
%
N=max(size(C));
BIG=zeros(N,10);
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disp(' ');
disp('
Range = (peak-valley) ');
disp(' Amplitude = (peak-valley)/2 ');
disp(' ');
disp('
Range Limits
Cycle
Average
Max
Min
Average
Max
Min
Max ');
disp('
(units)
Counts
Amp
Amp
Mean
Mean
Mean Valley Peak');
%
MaxAmp=MaxAmp/2;
AverageAmp=AverageAmp/2;
%
for i=1:N
j=N+1-i;
%
if(C(j)==0)
AverageAmp(j)=0.;
MaxAmp(j)=0.;
MinMean(j)=0.;
AverageMean(j)=0.;
MaxMean(j)=0.;
MinValley(j)=0.;
MaxPeak(j)=0.;
end
%
out1=sprintf('\t %7.4g to %7.4g \t %g \t %6.3g \t %6.3g \t
%6.3g\t %6.3g\t %6.3g\t %6.3g\t
%6.3g',L(j),L(j+1),C(j),AverageAmp(j),MaxAmp(j),MinMean(j),AverageMean(
j),MaxMean(j),MinValley(j),MaxPeak(j));
%
disp(out1);
BIG(i,1)=L(j);
BIG(i,2)=L(j+1);
BIG(i,3)=C(j);
BIG(i,4)=AverageAmp(j);
BIG(i,5)=MaxAmp(j);
BIG(i,6)=MinMean(j);
BIG(i,7)=AverageMean(j);
BIG(i,8)=MaxMean(j);
BIG(i,9)=MinValley(j);
BIG(i,10)=MaxPeak(j);
end
%
out1=sprintf('\n Max Range=%6.3g ',aamax);
disp(out1);
%
TC=sum(C);
%
out1=sprintf('\n Total Cycles =%g \n',TC);
disp(out1);
disp(' ');
%
fig_num=1;
figure(fig_num);
fig_num=fig_num+1;
plot(y);
grid on;
%
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figure(fig_num);
fig_num=fig_num+1;
h=bar(C);
grid on;
title(fname2);
ylabel('Cycle Counts');
xlabel('Range: 0-20 mm with 0.25 mm bins');
set(gca, 'FontName', 'Times New Roman');
%
toc
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rainflow_bins_mod4.m
% This code creates the histogram with 3 bins
%Creator info
%
% rainflow_bins.m ver 2.1 September 20, 2013
% by Tom Irvine Email: tom@vibrationdata.com
% ASTM E 1049-85 (2005) Rainflow Counting Method
%
% What follows is a modified version of Mr. Irvine's code
% Updated: Marcus Hurtado (2018)
close all;
clear all;
%
%To know how long the code took to run
tic
%
fig_num=1;
%
%Define file you want to call
[fname,~]=uigetfile('*.*');
A = strsplit(fname,'.');
fname2 = A(1,1);
filename = fname2;
%Call .lvm file
A = importdata(fname);
LTo = A(:,1);
Volt = A(:,2);
%LTo is the Laser original time, Volt is the laser voltage
%
y=double(Volt);
m=length(y)-1;
a=zeros(m,1);
% for max and mins
t=zeros(m,1);
% for loc a
a(1)=y(1);
t(1)=1;
k=2;
%
%Slope calculation
% TO SPEED UP MAYBE CHANGE TO DIFF(
<--------------------------------------------------------------------------------slope1=(y(2)-y(1));
for i=2:m
slope2=(y(i+1)-y(i));
if((slope1*slope2)<=0)
a(k)=y(i);
% max and mins
t(k)=i;
% loc a
k=k+1;
end
slope1=slope2;
end
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%
a(k)=y(m+1);
t(k)=t(k-1)+1;
k=k+1;
%
clear temp;
temp(1:k-1)=a(1:k-1);
clear a;
a=temp;
%
clear temp;
temp(1:k-1)=t(1:k-1);
clear t;
t=temp;
%
% ensuring column vector
sza=size(a);
if(sza(2)>sza(1))
a=a';
end
szt=size(t);
if(szt(2)>szt(1))
t=t';
end
aa=[t a];
%
%{
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%
figure(fig_num);
fig_num=fig_num+1;
hold on;
%plot(y);
% temp figure to check how the code is working!!!
plot(a,'-o');
hold off;
grid on;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%
%}
%
% Rules for this method are as follows: let X denote
% range under consideration; Y, previous range adjacent to X
%
n=1;
i=1;
j=2;
%
aamax=0;
B=zeros(m,4);
a_mean=zeros(m,2);
kv=1;
msa_orig=max(size(aa));
% matrix of cycles
while (1)
msa=max(size(aa));
% # rows in aa (continually
decreasing)...
%
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if((j+1)>=msa)
break;
% 1 value at start or at the
end --> exit loop
end
if((i+1)>=msa)
break;
end
%
Y=(abs(aa(i,2)-aa(i+1,2)));
% Prev. R
X=(abs(aa(j,2)-aa(j+1,2)));
% Consider
%
if Y<=1
aa(i+1,:)=[];
% clear noise
i=1;
j=2;
else
if X<=1
aa(j:j+1,:)=[];
i=1;
j=2;
else
% create matrix for bin sorting
B(kv,2)=0.5;
am=[aa(i,2) aa(i+1,2)];
B(kv,3)=am(1);
B(kv,4)=am(2);
aa(1,:)=[];
B(kv,1)=Y;
if(Y>aamax)
p1=aa(i,2);
p2=aa(i+1,2);
tp1=aa(i,1);
tp2=aa(i+1,1);
aamax=Y;
end
kv=kv+1;
i=1;
j=2;
end
end
end
%
%
% Count each range that has not been previously counted
%
N=max(size(aa));
disp(' ');
for i=(N-1)
Y=(abs(aa(i,2)-aa(i+1,2)));
%
if(Y>1)
B(kv,1)=Y;
B(kv,2)=0.5;
am=[aa(i,2) aa(i+1,2)];
B(kv,3)=am(1);
B(kv,4)=am(2);
if(Y>aamax)
p1=aa(i,2);
p2=aa(i+1,2);
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tp1=aa(i,1);
tp2=aa(i+1,1);
aamax=Y;
end
kv=kv+1;
end
end
%}
%
%Bin sorting
% amax=max(B(:,1));
% recall, 1 V = 1 mm
L = [1 7.5 10 20];
%
num=max(size(L))-1;
C=zeros(num,1);
%
AverageMean=zeros(num,1);
MaxMean=ones(num,1);
MinMean=ones(num,1);
%
MaxPeak=ones(num,1);
MinValley=ones(num,1);
%
MaxAmp=zeros(num,1);
AverageAmp=zeros(num,1);
%
kvn=kv-1;
%
for i=1:kvn
for ijk=1:num
Y=B(i,1);
if(Y>=L(ijk) && Y<=L(ijk+1))
C(ijk)=C(ijk)+B(i,2);
bm=(B(i,3)+B(i,4))/2;
if(B(i,3)>MaxPeak(ijk))
MaxPeak(ijk)=B(i,3);
end
if(B(i,4)>MaxPeak(ijk))
MaxPeak(ijk)=B(i,4);
end
if(B(i,3)<MinValley(ijk))
MinValley(ijk)=B(i,3);
end
if(B(i,4)<MinValley(ijk))
MinValley(ijk)=B(i,4);
end
%
AverageAmp(ijk)=AverageAmp(ijk)+B(i,1)*B(i,2);
AverageMean(ijk)=AverageMean(ijk)+bm*B(i,2);
%
if( bm > MaxMean(ijk))
MaxMean(ijk)=bm;
end
if( bm < MinMean(ijk))
MinMean(ijk)=bm;
end
%

180

if(B(i,1)>MaxAmp(ijk))
MaxAmp(ijk)=B(i,1);
end
end
end
end
for ijk=1:num
if( C(ijk)>0)
AverageAmp(ijk)=AverageAmp(ijk)/C(ijk);
AverageMean(ijk)=AverageMean(ijk)/C(ijk);
end
end
%
N=max(size(C));
BIG=zeros(N,10);
disp(' ');
disp('
Range = (peak-valley) ');
disp(' Amplitude = (peak-valley)/2 ');
disp(' ');
disp('
Range Limits
Cycle
Average
Max
Min
Average
Max
Min
Max ');
disp('
(units)
Counts
Amp
Amp
Mean
Mean
Mean Valley Peak');
%
MaxAmp=MaxAmp/2;
AverageAmp=AverageAmp/2;
%
for i=1:N
j=N+1-i;
%
if(C(j)==0)
AverageAmp(j)=0.;
MaxAmp(j)=0.;
MinMean(j)=0.;
AverageMean(j)=0.;
MaxMean(j)=0.;
MinValley(j)=0.;
MaxPeak(j)=0.;
end
%
out1=sprintf('\t %7.4g to %7.4g \t %g \t %6.3g \t %6.3g \t
%6.3g\t %6.3g\t %6.3g\t %6.3g\t
%6.3g',L(j),L(j+1),C(j),AverageAmp(j),MaxAmp(j),MinMean(j),AverageMean(
j),MaxMean(j),MinValley(j),MaxPeak(j));
%
disp(out1);
BIG(i,1)=L(j);
BIG(i,2)=L(j+1);
BIG(i,3)=C(j);
BIG(i,4)=AverageAmp(j);
BIG(i,5)=MaxAmp(j);
BIG(i,6)=MinMean(j);
BIG(i,7)=AverageMean(j);
BIG(i,8)=MaxMean(j);
BIG(i,9)=MinValley(j);
BIG(i,10)=MaxPeak(j);
end
%
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out1=sprintf('\n Max Range=%6.3g ',aamax);
disp(out1);
%
TC=sum(C);
%
out1=sprintf('\n Total Cycles =%g \n',TC);
disp(out1);
disp(' ');
%
figure(fig_num);
fig_num=fig_num+1;
plot(y);
title(filename);
xlabel('Time');
ylabel('Volts');
set(gca, 'FontName', 'Times New Roman');
grid on;
%
figure(fig_num);
fig_num=fig_num+1;
h=bar(C);
grid on;
title(filename);
ylabel('Cycle Counts');
xlabel('Range');
set(gca, 'FontName', 'Times New Roman');
%
toc
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SpeedPMR.m
% Speed Funtion by MH 2018
function [EnduranceLimit,Dapredict,Da,delDa,T] = SpeedPMR(cycles)
[r,~] = size(cycles);
n1=cycles(:,1);
n2=cycles(:,2);
n3=cycles(:,3);
% n1 = large amp
% n2 = medium amp
% n3 = small amp
%Cycles to
%N1=Number
N1=9970;
%N2=Number
N2=39632;
%N3=Number
N3=138021;

failure at different amplitudes determined via CAL tests
of cycles to failure under S1
of cycles to failure under S2
of cycles to failure under S3

%initializing for speed
Da = zeros(r,1);
EnduranceLimit = zeros(r,1);
delDa = zeros(r,1);
Dapredict = zeros(r,1);
n1u = zeros(r,1);
n2u = zeros(r,1);
n3u = zeros(r,1);

for i = 1:r
%Da=sumation of ni/Ni---At the average Endurance Limit
Da(i) = (n1(i)/N1)+(n2(i)/N2)+(n3(i)/N3);
EnduranceLimit(i) = (n1(i)+n2(i)+n3(i));
% Uncertainty
n1u(i) = (n1(i)/N1)*(4527/N1);
n2u(i) = (n2(i)/N2)*(14517/N2);
n3u(i) = (n3(i)/N3)*(18686/N3);
delDa(i) = sqrt(n1u(i).^2+n2u(i).^2+n3u(i).^3);
Dapredict(i) = EnduranceLimit(i)./Da(i);
end
% figure out if it went outside of limit of 1
xlow = Da-delDa;
xhigh = Da+delDa;
% Allocating for speed
T = zeros(r,1);
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for i=1:r
if xlow(i)<1 && xhigh(i)>1
T(i)=1;
elseif xlow(i)==1 || xhigh(i)==1
T(i)=1;
else
T(i)=0;
end
end
T=T';
end
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%T = 1 means true

%T = 0 means false

PSW_protocool2v2.m
% protocol
%%
% load data and assign it to x
% Define file you want to call
% slight edits by MH 2018
close all
clear all
clc
[fname,~]=uigetfile('*.*');
A = strsplit(fname,'.');
fname2 = A(1,1);
filename = strcat(fname2,' PSW');
filename = filename{1};
% Call .lvm file
A = importdata(fname);
LTo = A(:,1);
Volt = A(:,2);
% remove mean
x1 = Volt-mean(Volt);
% filter signal
d = designfilt('lowpassfir', 'FilterOrder', 100, ...
'CutoffFrequency', 15, 'SampleRate', 200, ...
'Window', 'hamming');
x = filtfilt(d,x1);
%
% average mutual information to get delay time
figure
ami(x,8000,60,32); % get delay time
disp(' ')
disp('Assign delay.') % determined from 1st minimum in ami
m = input('enter 1st minimum value
');
disp(' ')
%
% false nearest neighbors search to get embedding dimension
figure
nn = false_neighbors_kd(x, m, 6, 8000); % get embedding dimension
plot_false_neighbors(nn,10,0.5)
disp(' ')
disp('Assign embedding dimension.')
d = input('enter dimension when fnns=0
');
disp(' ')
%
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% Where do these values come
from???
nm = 8000; % decide the reference model size
nb = 32; % decide how many boxes you need in the phase space
nn = 20; % decide how many points to use for local linear model
step = 1; % model prediction time
mtr = 0; % use scalar tracking metric
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rl = 2000; % decide how many points you need in each record
n = length(x); % total number of points in your data set (reconstructed
phase space)
nr = floor(n/rl); % decide how many records you need overall
%%
prpr = 1; % 0 if no preprocessing needed, otherwise 1
%%
%
% now get the tracking matrix
Y = psw_cont(x, m, d, nm, nb, nn, step, mtr, rl, nr, prpr);
%
% now analyze tracking matrix using new method
DY = diff(Y);
Y = Y(1:end-1,:);
for k = 1:size(Y,2)
Y(:,k) = Y(:,k) - mean(Y(:,k));
DY(:,k) = DY(:,k) - mean(DY(:,k));
end
Syy = Y.'*Y/(size(Y,1)-1);
Sydy = Y.'*DY/(size(Y,1)-1);
[P,E] = eig(Syy,Sydy);
ev = diag(E);
k = 1;
Pn = P;
while k < size(E,2)
if ~isreal(ev(k))
Pn(:,k) = (P(:,k) + P(:,k+1))/2;
Pn(:,k+1) = (P(:,k) - P(:,k+1))/2/1i;
k = k + 2;
else
k = k + 1;
end
end
roc = Y*Pn;
figure
semilogy(abs(ev),'o'), xlabel('ev index'), ylabel('ev')
filename2 = strcat(filename,' ev index');
% filename2 = filename2{1};
saveas(gcf,filename2,'png')

figure
for i = 1:16
subplot(4,4,i)
plot(roc(:,i)), xlabel('record number'), ylabel(['roc '
num2str(i)])
axis tight
end
filename3 = strcat(filename,' roc');
% filename3 = filename3{1};
saveas(gcf,filename3,'png')

% old analysis
[U,V,X,C,S] = gsvd(Y,DY);
soc = fliplr(U*C);
sov = flipud(diag(C'*C)./diag(S'*S));
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figure
semilogy(sov,'o'), xlabel('soc index'), ylabel('sov')
filename4 = strcat(filename,' soc index');
% filename4 = filename4{1};
saveas(gcf,filename4,'png')
figure
for i = 1:16
subplot(4,4,i)
plot(soc(:,i)), xlabel('record number'), ylabel(['soc '
num2str(i)])
axis tight
end
filename5 = strcat(filename,' soc');
% filename5 = filename5{1};
saveas(gcf,filename5,'png')

%% Its Done!!!
load train
sound(y,Fs)
%}
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PSW Code Set
The PSW codes were developed by Dr. Chelidze at the University of Rhode
Island. His complete catalog of codes may be found at http://egr.uri.edu/nld/software/

Four_Point_Bend_Analysis.m
%
%
%
%

Plot Stress vs Strain
Find max stress
Find strain at max stress
Determine modulus

%% Load in data
%Gets file you want to call
[fn,~]=uigetfile('*.*');
A = strsplit(fn,'.');
fname = A(1,1);
%Name .txt file from original and convert to str
filename = strcat(fname,'.mat');
filename = filename{1};
A = importdata(fn);
% Desired Variables
Strain = A(:,1);
Stress = A(:,2);
% MPa
%% Plot
plot(Strain,Stress)
figure(1)
xlabel('Strain');
ylabel('Stress (MPa)');
filename1 = strcat(fname,' Stress vs Strain');
filename1 = filename1{1};
title(filename1);
saveas(gcf,filename1,'png')
%% Find maximums
[max_stress,I] = max(Stress);
strain_at_max_stress = Strain(I,1);
fprintf('\nmax stress value: %6.4f',max_stress)
fprintf('\nstrain at max stress: %6.4f\n\n',strain_at_max_stress)
%% Find Modulus
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Dbefore = input('Delete data before time
Dafter = input('Delete data after time

');
');

%Trim using index
start = find(Strain<Dbefore,1,'last');
final = find(Strain<Dafter,1,'last');
Strain2 = Strain(start:final);
Stress2 = Stress(start:final);
% linear fit
xl=Strain2;
yl=Stress2;

% linearizing

N=length(Strain2);
xo=linspace(min(xl),max(xl));
z=[ones(N,1),xl];
B=(z'*z)\(z'*yl);
A=[(B(1)),B(2)];
fl=A(1)+xo*A(2);

% solving
% drawing out a0 and a1
% linear fit

St = sum((sum(yl)/N - yl).^2);
Sr = sum((yl - (B(1)+B(2)*xl)).^2);
r2l = (St-Sr)/St;

% r^2 value linear

fprintf('\nslope value: %6.4f',A(2))
fprintf('\nr^2 value linear fit: %6.4f\n\n',r2l)
figure(2)
plot(Strain,Stress)
hold on
plot(Strain2,Stress2,'ro','MarkerSize',12)
plot(xo,fl,'k','LineWidth',4)
xlabel('Strain');
ylabel('Stress (MPa)');
filename2 = strcat(fname,' Stress vs Strain Linear Regression');
filename2 = filename2{1};
title(filename2);
% saveas(gcf,filename2,'png')
%% Save data
Data(:,1) = Strain;
Data(:,2) = Stress;
Data(1,3) = A(2);
Data(1,4) = max_stress;
Data(1,5) = strain_at_max_stress;
save(filename,'Data')
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NI LabVIEW VI Programs
WaveGeneration.vi

Figure E.1. – GUI interface of WaveGeneration.vi

Figure E.2. – Block code of WaveGeneration.vi
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Variable AmplitudeWaveGeneration-VoltageOutput.vi

Figure E.3. – GUI of VariableAmplitudeWaveGeneration-VoltageOutput.vi

Figure E.4. – Block code of VariableAmplitudeWaveGeneration-VoltageOutput.vi
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LASER-Voltage-ContinuousInput.vi

Figure E.5. – GUI of LASER-Voltage-ContinuousInput.vi

Figure E.6. – Block code of LASER-Voltage-ContinuousInput.vi
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APPENDIX F
Four Point Bend Jig Diagram

Figure F.1 – Top half of four-point bend jig.

Figure F.2 – Bottom half of four-point bend jig.
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APPENDIX G
Specifications

Amplifier

Figure G.1 – Amplifier specifications part 1

194

Figure G.2 – Amplifier specifications part 2

195

Low-pass filter

Figure G.3 – Low-pass filter specifications part 1

196

Figure G.4 – Low-pass filter specifications part 2

197

Laser Vibrometer

Table G.1 – Laser vibrometer specifications

198

Linear Guide
A custom slide was ordered. In addition to the specifications listed below, the
slide is made of nonmagnetic materials. The model name is SI-4AC0NMS.

https://www.deltron.com/search/Slides_Ball_Crossed_Roller_Model.aspx?pkid=3023
Figure G.5 – Linear guide specifications
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Shaker

Figure G.6 – Shaker specifications

200

TESTRESOURCE Machine

Figure G.7 – TESTRESOURCES specifications part 1

201

Figure G.8 – TESTRESOURCES specifications part 1

202

APPENDIX H
Bill of Materials
Table H.1 – Bill of Materials

10
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Table H.2 – Bill of Materials continued
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