
 

 

 

 

 

 

 

 

 

 

 

ABSTRACT 

 

Damage Accumulation of Bovine Bone under Variable Amplitude Loads 

 

Abbey M. Campbell, M.S.B.M.E 

 

Mentors: Carolyn Skurla, Ph.D. 

Joseph Kuehl, Ph.D. 

 

 

Stress fractures, a painful injury, are caused by excessive fatigue in bone.  This 

study into damage accumulation in bone sought to determine if the Palmgren-Miner rule 

(PMR), a well-known linear damage accumulation hypothesis, is predictive of fatigue 

failure in bone.  An electromagnetic shaker apparatus was constructed to conduct cyclic 

and variable amplitude tests on bovine bone specimens.  Three distinct damage regimes 

were observed following fracture.  Fractures appeared ductile from low cyclic amplitude 

(< 4,000 με), brittle, from high cyclic amplitude (> 9,000 με), and a combination of 

ductile and brittle from mid-range cyclic amplitudes (6,500 – 6,750 με).  Brittle and 

ductile fracture mechanisms were isolated into variable amplitude loading tests.  PMR 

predictions of cycles to failure consistently over-predicted fatigue life when mixing 

isolated fracture mechanisms.  However, PMR was not proven ineffective when used 

with a single damage mechanism. 
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CHAPTER ONE 

 

Introduction 

 

 

Hierarchical Structure of Bone 

 

The adult human body is made up of 206 different bones that are unique in size 

and shape but are similar in their structure and in how they develop [1].  Bone is 

composed of an organic matrix and an inorganic mineral substance that together create a 

robust structure, which supports the rest of the body.  This structure also serves numerous 

other functions, such as providing a framework for the other organs of the body to fill, 

and providing the structure and shape that occur in organisms with a skeletal system.  The 

skeleton supports the body against extraneous forces, and the various components of the 

skeletal system allow movement by acting as a lever system along with muscles, tendons, 

and ligaments at joints.  The skeleton also protects internal organs, such as the skull 

protecting the brain, or the spine protecting the spinal cord.  The bones of the body not 

only have mechanical purposes, but they have physiological functions as well.  Bones are 

storage reservoirs for calcium and other critical minerals – storing over 99% of the 

body’s total calcium.  Because calcium is a main component in bone modeling and 

remodeling, storage of the mineral is a very critical function for the wellbeing of the 

skeletal system.  Finally, hematopoiesis, or the formation of blood cells, transpires in 

bone.  This is vital, because without the presence of blood, bone could not form or grow.  

Bones play an essential role to the overall body function.  Without the skeletal system, 

humans and animals would simply not exist in the form that they do today. 
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Bone exhibits a hierarchical structure that originates from the sub-nanostructure 

of collagen fibrils and concludes in the macrostructure of cortical and cancellous bone, 

shown in Figure 1.1 [2]. 

 

 
 

Figure 1.1:  Hierarchical structure of bone [2].  Reprinted from Medical Engineering & 

Physics, 20, Jae-Young Rho, Liisa Kuhn-Spearing, Peter Zioupos, Mechanical properties 

and the hierarchical structure of bone, 92-102., Copyright 1998, with permission from 

Elsevier. 

 

 

Bone is an anisotropic, heterogeneous material.  Its microstructure is fairly 

irregular in arrangement and orientation, but is structured in a way that optimizes its 

mechanical properties.  Bone is composed of 15% organic matrix, 20% water and 65% 

mineral substance.  The initial unit within the bone is a sub-nanostructure, the collagen 

fibril.  This is the same mammalian fibrous structural protein that can be found in the 

nanostructure of ligaments, tendons, and skin.  The most prevalent nanosubstructures are 

collagen fibers which make up 95% of the organic matrix [1].  Collagen fibrils bundle 

and assemble together, to form a collagen fiber, which acts in bone similar to reinforcing 
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fiber in a composite.  The collagen fibrils may be arranged in parallel or random 

orientation depending on the tissue and loading.  This orientation determines whether the 

bone composite forms into lamellar or woven bone at the sub-microstructure.  Lamellar 

bone is formed by fibers that are oriented parallel to one another.  This type of bone is 

arranged concentrically around a haversian canal, which is the narrow channel in the 

center of an osteon.  The osteon is the fundamental unit of compact bone that houses the 

blood vessels and nerve cells with the bone.  The haversian systems run parallel to the 

long axis of long bones, while the layers of the fibers surrounding them are alternated in 

orientation as a resistive measure to combat external mechanical forces.  Within these 

layers of lamellar bone are small cavities, called lacunae, which encapsulate osteocytes, 

or mature osteoblasts, that have been surrounded by a calcified matrix.  Osteocytes are 

the cells that monitor and maintain the bone. 

Woven bone is found in very young bones and in healing fractures.  While 

lamellar bone is uniformly arranged, woven bone consists of collagen fibers arranged 

randomly.  Because of this fiber arrangement, woven bone is much weaker than lamellar 

bone, mechanically but displays more isotropic properties than other forms of bone.  A 

third type of bone at the sub-microstructure is a combination of woven and lamellar bone, 

known as laminar bone [3].  Laminar bone consists of lamellar bone sandwiched between 

layers of woven bone.  These layers are laid down very quickly in rings around the long 

axis of the bone.  This material is typically found in large animals, such as cows, that 

need to grow very quickly. 

Any of these sub-microstructures may make up the two higher order types of 

bone, cortical and cancellous.  Cortical, or compact bone, is comprised of solid portions 



 

4 

 

of bone that do not contain any cavities, with exception of the blood channels and 

lacunae.  It  makes up the diaphysis of long bones and a slender outer layer that encases 

the metaphyses and epiphyses [4].  This form of bone is a hard, stiff, solid material that is 

more resistant to bending forces.  Cancellous bone consists of spongy bone and is much 

more porous in comparison to cortical bone.  It is formed by trabeculae, which are 

conjoining bony spicules that form a framework of intercommunicating pores that are 

filled with bone marrow.  Because of the voids within the structure, cancellous bone is 

less dense than cortical bone.  Cancellous bone is found on the inside of the epiphyses 

and metaphyses.  The research presented in this thesis will be focused on cortical bone 

only; therefore, the rest of the information provided will be focused on this type of bone. 

 

Properties of Bone 

 

After seeing a bone break, it is easy to assume that bone is a brittle material 

because of its seemingly fast, abrupt fracture.  However, Figure 1.2 [5] shows that this 

material displays properties that would suggest otherwise. 

 

 
 

Figure 1.2:  Load-deformation curve of bovine femoral cortical bone [3], [5].  

Reproduced with permission from S.A. Wainwright, Mechanical Design in Organisms. 

Copyright 1982, Princeton University Press. 
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A load-deformation curve, provided by a tensile test performed on bovine femoral 

cortical bone, shows the relationship between the applied tensile force and the resulting 

extension of the specimen.  This graph is very similar in shape to the relative stress-strain 

curve.  The bone demonstrates linear, elastic properties until the specimen hits a yield 

point, A.  This yield point occurs at approximately1 % elastic strain.  Following yield is a 

region of plastic flow, where the bone can absorb up to six times as much energy as the 

elastic portion of the curve.  The plastic flow region in bone can be attributed to multiple 

causes:  the mineral crystals undergo plastic deformation, while the collagen matrix 

undergoes either elastic or plastic deformation; the fibrous matrix undergoes plastic 

deformation, while the crystals fracture; the matrix delaminates from the crystals [3].  

The toughness represented by the area under the curve during the plastic flow region is 

significant.  At an ultimate strain of approximately 4%, the bone experiences failure. 

Bone also demonstrates viscoelastic properties, which means that it displays a 

combination of both viscous and elastic behaviors when loaded.  Viscoelastic materials 

do not display an exclusive modulus because their atomic structure is changing with 

respect to time [3].  Therefore, material properties such as modulus of elasticity and 

fracture stress, must be related to the time over which the force was applied, or strain rate 

(see Figure 1.3 [3]).  As the strain rate increases, the ultimate stress and Young’s modulus 

increase, while the ultimate tensile strain decreases. 
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Figure 1.3:  Effect of strain rate in bone [3].  Reproduced with permission from S.A. 

Wainwright, Mechanical Design in Organisms. Copyright 1982, Princeton University 

Press. 

 

 

Along with being inhomogeneous, cortical bone is also anisotropic, and its elastic 

and strength properties are contingent upon the direction the load is applied.  Figure 1.4 

[4] shows that the ultimate stress of cortical bone changes with the direction and type of 

load.  The same is true for the modulus – the different load directions result in different 

elastic moduli. 

 

 
 

Figure 1.4:  Strength and modulus of human cortical bone [4].  Reproduced with 

permission from Van C. Mow, Wilson C. Hayes, Basic Orthopaedic Biomaterials. 

Copyright 1997, Lippincott-Raven Publishers. 
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Cortical bone exhibits greater strength in compression than in tension.  In bending tests 

the bone tends to fail at the surface that is loaded in tension.  This tendency is also seen in 

other composite materials, such as wood, concrete and brick. 

The mechanical properties are very different when the bone is wet versus when 

the bone has been allowed to dry out.  As shown in Figure 1.5 [6], hydrated bone 

withstands much higher loads before failure than that of the dehydrated bone.  However, 

the most marked difference is in fracture toughness of hydrated bone, which is 

approximately 45% greater in hydrated bone versus dehydrated bone. 

 

 
 

Figure 1.5:  Four-point bend load versus displacement curves for hydrated and 

dehydrated bovine bone [6].  Reprinted from Journal of Biomechanics, 41, J. Yan, A. 

Daga, R. Kumar, J. Mecholsky, Fracture toughness and work of fracture of hydrated 

dehydrated and ashed bovine bone, 1929-1936, Copyright 2008, with permission from 

Elsevier. 

 

 

The use of human cadaveric bone in research studies is often bound to concerns of 

economic, ethical and monetary issues; therefore it is often a standard practice to use a 

surrogate material in the preliminary stages of a study.  Bovine bone is a good test 

specimen because it is readily available from slaughterhouses and is relatively 

inexpensive.  However, unlike human bone, bovine bone is comprised of plexiform bone.  
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Plexiform bone, or laminar bone, is typically found in massive, fast growing mammals, 

such as cows and its structure was described on page 3 [7].  This material has different 

structural and mechanical properties than that of the human bone.  There are variations of 

the properties in these bones, but the use of bovine specimens as preliminary test samples 

is commonly seen in the literature [8]–[11]. 

 

Constitutive Fatigue Model 

 

When studying fatigue in bone, it is imperative to understand how bone breaks 

and what actually occurs as the fatigue and damage accumulate.  Many researchers have 

dedicated their careers to determining a solid constitutive fatigue model of bone.  There is 

a strong consensus that bone acts like a fiber reinforced composite material when 

subjected to stresses and strains [12]–[17].  Varvani-Farahani et al. compared the specific 

structures within bone and engineered composite [18].  In human cortical bone, osteons 

carry the brunt of the load and play the role of the reinforcing fiber within the interstitial 

bone tissue, which acts as the matrix.  Additionally, the cement lines between the 

individual osteons act as the weak interfaces in fiber-reinforced composites.  Bone and 

engineered composites display similar mechanical properties.  Both are much stronger 

when loaded parallel to their fiber or osteonal structures.  In bone, these structures run 

along the longitudinal axis, and are therefore stronger in the longitudinal direction. 

When subjected to axial cyclic loading, bone undergoes three stages in the 

process leading up to, and resulting in, complete fracture[7], [18], [19].  This is very 

similar to the process that composite materials undergo during characterization of fatigue 

damage under axial loading conditions.  When loaded, both materials begin with an 

elastic region that strains linearly until it hits a yield point.  After this yield point follows 
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a region of plastic flow.  In this phase, large amounts of energy are absorbed, and 

toughening takes place.  Finally, once the material cannot absorb any more energy, a 

catastrophic failure takes place. 

 

Stage I 

 

The first phase is a reversible deformation process prior to crack initiation that 

results in a very quick decline in stiffness due to the presence and initiation of 

microcracks in the interstitial bone, or matrix [18]–[20].  Frost was the first to propose 

and report the idea of microcracks in 1960 [21].  His theory was that microcracks signal 

and initiate their own healing due to osteocyte apoptosis.  His concepts and findings were 

later confirmed by many studies [22]–[24].  Researchers believe that even healthy bones 

contain microdamage.  Burr stated that microcracks were a naturally occurring defense 

mechanism against extraneous forces applied to bones [25].  Cracks are able to absorb 

and dissipate energy, lessening the amount of energy that the interstitial matrix and 

osteons have to absorb.  Microdamage within healthy bone is in equilibrium with the 

repair and remodeling system, osteoblasts and osteoclasts.  These defects enable the bone 

to deform reversibly in the beginning phase until the bone hits a yield point. 

 

Stage II 

 

The slow process of phase II begins after the bone has hit this yield point.  While 

the stiffness of the material still continues to decrease after the yield point, it is at a much 

slower rate than that of the elastic region.  In this stage, the material still has its structural 

integrity, but is now permanently damaged [19].  The majority of this damage tends to 

occur at the cement lines [18].  Bone absorbs a great deal of energy in this phase and 
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decreases in stiffness and residual strength.  What is occurring during this time to cause 

this type of behavior is the question that many researchers have spent their careers trying 

to pinpoint.  It has been found that this particular behavior is primarily due to a 

combination of mechanisms. 

Gupta and Zioupos  presented two different methods in 2008 describing the 

failure of bone [19].  The first is the stress based method, which takes into account the 

stress intensity factor, Kc.  This theory says that a crack is initiated when the stress at the 

crack tip reaches or exceeds the material’s critical value.  Peterlik et al. found that the 

fracture process depends on the direction in which the crack travels [26].  The angle of 

the fibril microstructure, at the point damage originated, determines whether the crack 

propagates longitudinally, tangentially, or radially.  Gupta and Zioupos also stated that 

the way in which cracks propagate through bone, and lead to complete failure, is directly 

influenced by the heterogeneity of the microstructure of the material [19]. 

The second method is an approach based on energy, including the critical strain 

energy release rate, Gc, and the work to fracture of a specimen, Wf.  The required critical 

levels of energy per unit area to fracture the material are determined by these variables.  

Engineered composites, as well as bone, have very weak interlamellar surfaces that have 

the ability and tendency to absorb energy and divert the main crack that has formed in the 

material.  This in turn slows down the start and propagation of the crack within the bone.  

Burr says that the ability for bone to absorb energy before failure is what determines the 

fracture resistance to fracture for the material [25]. 

A typical trend that is seen in fatigue testing is that toughness increases as 

stiffness decreases.  This phenomenon is precisely what is seen in this second phase of 
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bone fatigue.  Toughness is the amount of energy required to run a crack through a 

material.  This observed toughening is due to bone having many methods and 

mechanisms for deterring the propagation of cracks and damage.  For this reason, Gupta 

and Zioupos stated that the initiation of the crack in the material is not nearly as 

significant as the propagation of the crack through the material [19].  Bone does not 

prevent the initiation of damage; it only delays the growth of facture with its micro 

hierarchical structure, preventing cracks from growing into catastrophic size.  The 

microstructure usually delays the growth of cracks long enough for the bone to repair 

itself.  Our bodies have also developed mechanisms in attempt to prevent fracture.  These 

toughening mechanisms increase the amount of energy that is required to grow the crack 

and fracture the material.  Researchers have categorized the observed mechanisms into 

two groups, intrinsic and extrinsic [27]–[32].  Intrinsic damage is the microstructural 

damage that takes place ahead of the crack tip.  Extrinsic damage develops from 

mechanisms that ‘shield’ the crack from the force that is being applied and function 

primarily in the presence of the crack.  Along with the crack diversion or deflection, other 

toughening mechanisms include microdamage, nucleation, crack bridging, sacrificial 

bonds, interfibrillar shearing, and fiber pullout [30], [31], [33], [34].  Figure 1.6 illustrates 

a few examples of these mechanisms. 
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Figure 1.6:  Examples of toughening mechanisms: (a) crack deflection and twist (intrinsic 

toughening), (b) constrained microcracking (intrinsic toughening), (c) uncracked-

ligament bridging (extrinsic toughening), and (d) collagen-fibril bridging (extrinsic 

toughening) [34].  Reproduced with permission from R.O. Ritchie, M.J. Buehler, and P. 

Hansma, Physics Today, 62(6), 41 (2009). Copyright 2009, American Institute of 

Physics. 

 

 

Microdamage is one of the main tools that bones use to defend against crack 

propagation.  It dissipates the energy, preventing and delaying catastrophic failure.  Not 

only are microcracks found in healthy bone, but they have been reported to develop after 

crack initiation in attempt to slow down and deter crack growth [35].  However, this 

mechanism also reduces the total amount of energy that can be absorbed by the bone 

overall.  Microdamage causes the mechanical properties of the material to weaken, which 

in turn results in fracture.  There are two types of microcracks that occur in cortical bone 

[25].  The way in which the cracks are formed, the location they are in, the stimulus that 
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caused them to form, and the way in which they are mended are all factors that are taken 

into account when determining the type of microcrack that is observed.  The first are 

linear microcracks.  These occur most often and are typically found in the mineralized 

interstitial bone.  These cracks are a clear indicator that the bone tissue has deformed 

before the main crack initiates and are due to compressive stresses.  The second is diffuse 

microdamage, which is a collection of small cracks that are caused by tensile loads.  An 

example of diffuse microdamage can be seen in Figure 1.4 (b).  When these cracks are 

close enough in distance, they sometimes have the tendency to nucleate, coalesce and 

grow in size.  Vashishth reported this in 1996 and found that these mechanisms stablized 

the progression of fracture of the material by absorbing energy and taking it away from 

the main crack [36]. 

Ritchie et al. showed that another mechanism, crack bridging, increased fracture 

resistance [27]–[32].  This was observed of collagen fibrils along the width of the 

microcracks that propagated.  There are two forms of crack bridging.  The first is 

collagen-fibril bridging, seen in Figure 1.4 (d).  These by themselves do not play a large 

role in crack shielding.  The second form is uncracked-ligament bridging (Figure 1.4 (c)) 

which can sustain considerable loads. 

Hansma et al. published a ‘sacrificial bond’ theory that says that weak reformable 

bonds that are in the organic part of the biomineralized tissues are the key to how bone 

resists fracture [36]–[38].  They found that bonds inside the organic molecules were 

yielding and even breaking.  These ‘sacrificial bonds’ absorbed high amounts of energy, 

and toughened the material.  Other studies have looked at the breaking of bonds that leads 

to fracture in bone.  Gupta first proposed interfibrillar shearing [39], [40] and later stated 
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that irreversible bone deformation is due to the breaking of ionic bonds [41].  The 

breaking of the fibrils, themselves, after the yield point is due to decohesion between or 

inside fibrils, caused by the ionic bonds breaking.  Gupta determined that this bond 

breakage is most likely happening inside of the collagen fibrils, not in the interfibrillar 

matrix between two fibrils [41]. 

 

Stage III 

 

In the final stage of bone fatigue, the material has acquired a great deal of damage 

from the two previous stages around the matrix and cement lines.  At this point, the 

osteons take the brunt of the load that is being applied.  The toughening mechanisms are 

unable to absorb the necessary amount of energy to prevent the crack from propagating.  

The material’s residual strength and stiffness decline very quickly and cause rapid crack 

growth.  This results in the osteons debonding and catastrophic failure of the material.  

Some researchers have reported osteon pullout at this stage [42], [43].  This is only seen 

sometimes to occur.  In a living bone, the final stage also occurs because the repair 

system cannot keep up with the amount of damage that is being accumulated. 

Our study, however, is not using living tissue; therefore there is an absence of this 

remodeling process.  Further research with living bone tissue is necessary to understand 

the damage accumulation in vivo, but this first study will allow us to observe the direct 

effects of applying stress. 

 

Stress Fractures 

 

One of the key motivations behind the current study is the prevalence of stress 

fractures.  Bone fatigue is the cycle-by-cycle accumulation of damage from varying 
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stresses and strains, so that immediate failure does not occur [44].  When the osteoblasts, 

cells that form or synthesize bone, cannot keep up with the microdamage that these 

continuous stresses create, the bone begins to experience fatigue.  Once the bone can no 

longer resist the stresses and strains with the previously mentioned toughening 

mechanisms, the bone is susceptible to stress fractures or even complete fracture.  

According to Verheyen et al. [45], stress fractures occur in up to 21% of American 

military recruits and 45% of Israeli military recruits.  Athletes such as dancers, figure 

skaters and gymnasts have a high incidence of stress fracture as well.  However, cross 

country and track runners seem to experience stress fractures more often than other 

athletes.  In a study conduct by Bennell et al. [46], 21% of competitive runners acquired 

stress fractures in just a twelve month period.  As we age, our bone’s elastic modulus, 

strength and toughness all begin to decline.  As seen in Figure 1.7 [4], the elastic 

modulus, as well as the ultimate tensile strength, both decrease by 2% each decade 

between the ages of 20 and 90 years old.   

 

 
 

Figure 1.7:  Ultimate tensile strength and modulus versus age for human femoral cortical 

bone [4].  Reproduced with permission from Van C. Mow, Wilson C. Hayes, Basic 

Orthopaedic Biomaterials. Copyright 1997, Lippincott-Raven Publishers. 
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These properties are extremely important to the fatigue behavior of bone, which is why 

the growth of microcracks is also an issue in older ages.  This is especially a concern in 

post-menopausal, osteoporotic females. 

Humans are not the only mammals that acquire stress fractures; animals have a 

high incidence as well.  Racing animals, such as horses and grey hounds, acquire stress 

fractures very frequently because of the repetitive stresses from running with little rest.  

The constant training and fatigue that human athletes, soldiers and animal athletes go 

through to excel at their activities is the main reason and factor into acquiring these stress 

fractures [45].  Stress fractures are microcracks within the bone that are caused from 

excessive fatigue.  These repetitive stresses do not allow the bone enough time to 

remodel and heal these microcracks.  Stress fractures in humans are most commonly 

located in the tibia, tarsals, metatarsals and the femur [47], [48].  This type of injury is 

often very painful. Furthermore, the initial microcracks can eventually propagate and 

develop into a complete fracture in the bone.  Diagnosis is very difficult, and the best way 

to detect them is by plain radiography, magnetic resonance imaging, or triple-phase bone 

scintigraphy [47].  Currently, the only way to treat a stress fracture is activity 

modification, analgesic drugs to relieve the pain, and pneumatic bracing to help with the 

healing process. 

 

Damage Accumulation 

 

The fatigue limit of a material is the maximum stress amplitude that a material 

can withstand, for an infinite number of cycles, without failing.  Cyclic Amplitude 

Loading and Variable Amplitude Loading are methods used to determine the fatigue limit 

of different types of materials [49]–[52].  Both of these methods are typically applied 
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during a three or four-point bending test.  During Cyclic Amplitude Loading (CAL), the 

force that is applied to the specimen is periodic and consistent, and the amplitude of the 

force at each cycle does not change.  Variable Amplitude Loading (VAL) is the process 

of applying loads to a specimen, but varying the amplitude, of force, that the actuator 

exerts.  In reality, bones are more likely to undergo varying external stresses as opposed 

to the same equivalent loads over and over again.  The summation of microcracks 

developed from repetitive loading is referred to as damage accumulation. 

 

Palmgren-Miner Rule 

 

The Palmgren-Miner rule is a linear cumulative damage hypothesis and is the best 

estimation of the fatigue limit available to date [53].  It states that the summation of the 

ratio of the number of cycles at a given amplitude and the number cycles to failure is 

equal to the damage accumulated.  It is given in equation 1.1: 

𝐷𝑝 = ∑
𝑛𝑖

𝑁𝑖

𝑘
𝑖=1      (1.1) 

In this formula 𝑛𝑖 is the number of cycles under a constant amplitude, 𝑁𝑖 is the 

total number of cycles to failure at that amplitude, and 𝐷𝑝 is the damage parameter.  

When the damage parameter is equal to one, failure occurs.  This is the point at which 

100% of the fatigue life is expended.  Under this theory, it is assumed that the order in 

which the various loads and cycles are applied does not affect the outcome of failure and 

that damage accrues at the same rate at a given stress level without respect to previous 

history of the material [54].  Palmgren first published this hypothesis in 1923, and it was 

later reinforced by Miner in 1945 when he used it to predict the fatigue life of materials 

in the aerospace industry [55], [56].  Deviations from the prediction have been reported 

previously in the literature [44], [52], [57]–[59].  Todinov presented a thorough 
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explanation for why the resulting endurance limits differ from the Palmgren-Miner rule 

[58]. Some of the main reasons for this deviation have been determined to be associated 

with the prediction being independent of the load-level, the load-sequence, and the load-

interaction [44], [57].  Murakami and Matsuda reported that the fatigue limit stress and 

the critical stress play very important roles in the prediction of fatigue life and need to be 

taken into account [52].  Murakami and Matsuda found that the effect of the applied 

stress changes at every moment with the change in the crack length.  These factors are 

not considered in the Palmgren-Miner rule.  However, the simplicity of this rule is the 

reason it is widely accepted throughout industry, and a better, more accurate, prediction 

does not yet exist [53], [54]. 

 

Rainflow Counting 

 

When testing the specimen under a random fatigue cycle pattern, which varies the 

forcing amplitude every cycle, a proper cycle counting method must be used.  The 

rainflow cycle counting method was originally created by Endo and Matsuishi in 1968 

and has attained considerable acceptance as a counting method [60].  This method is one 

of the most widely used styles of cycle counting.  A modified version of this method is 

now part of ASTM E1049.  Figure 1.8 provides an example of how the rainflow cycle 

counting method works. 

The strain-time history plot is rotated so that the time axis runs vertically, where 

the positive strain axis is tensile loading and the negative strain axis is compressive 

loading.  The figure can be thought of as a pagoda. 
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Figure 1.8:  Example of the rainflow cycle counting method. 

 

 

Considering the tensile side of the plot, each trough from the tensile side is seen 

as a source of water.  The flows, or counts, initiate sequentially from these troughs and 

continue to “drip” down the peaks, as seen in a pagoda.  The number of half-cycles is 

counted by looking for a termination in the flow.  The flow stops when: 

1) It arrives at a trough with a larger magnitude, as seen in the flow starting at 

peak 1 and terminating at peak 9 in Figure 1.6. 

2) It combines with a flow that began at an earlier tensile peak, as seen in the 

flows that begin at peaks 3, 5, and 7 in Figure 1.6. 

3) It reaches the end of the time history. 

 

The same technique is used for each trough on the compression side of the plot.  

The counts start from the troughs and end when the flow is terminated.  A magnitude that 

is equal to the strain difference between the flow’s start and termination point is then 

assigned to each half cycle.  The half-cycles on the tensile side are paired with half-cycles 

on the compression side that have an equal magnitude.  The sum of half-cycle pairings is 

equal to the cycle count.  This method is an appropriate tool to use for fatigue tests that 

have procedures that consist of differing amplitudes for each cycle. 
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For the testing performed in this pilot study, rainflow cycle counting was not 

necessary.  The cycling frequency was constant throughout every test that was run, and 

therefore very easily calculated by multiplying the cycling frequency by the total time to 

failure.  This method is important to keep in mind, however, for future work that will 

build from the current project. 

 

Testing Methods 

 

 

Non-destructive Testing 

 

Fatigue behavior in bone can often be difficult to study.  The significance of the 

type and location, or position, of imperfections, speed of individual microdamage 

locations merging, and their influences to the origination and progression of cracks are all 

still not quite understood [61].  Methods for studying microdamage and fatigue 

accumulation are currently very limited.  The non-destructive methods for in vivo studies 

include nonlinear ultrasound, positron emission tomography (PET), and nuclear magnetic 

resonance (NMR) [62].  Very few in vivo studies have been conducted that record the 

deformation of the bone while the subject is preforming activity [63]–[66].  These studies 

are limited in their findings because measurements were taken from very small areas on 

the bone.  The other downside to these studies was that their strain measurements were 

not quite applicable to real life because they were testing activity while subjects had open 

wounds.  It is possible the patients may not have performed as they normally would, due 

to pain from the open wound; therefore, the measured strains might be skewed compared 

to real life. 
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Destructive Testing 

 

Histomorphometry, the measurement of the change in the remodeling and of the 

structure of the bone, is the current “gold” standard for in vitro characterization of 

microdamage in bone [62].  This measurement is a destructive method for studying 

microdamage within bone.  Other common destructive test methods are four-point or 

three-point bending, compression loading, and tensile tests.  The majority of bending 

tests are cyclic amplitude loading (CAL) fatigue tests.  These are sufficient tests to get an 

initial understanding, but this constant amplitude loading does not simulate real life 

applications.  In vivo, bones are put through a multitude of stresses and loads on a daily 

basis.  It is very unlikely that bones are subjected to periodic loads of any kind in day-to-

day activity.  Activity makes variable amplitude loading the preferred testing method.  

This technique has been used on various materials, such as metals and polymethyl 

methacrylate [51].  This technique, however, has not been used often on bone.  Zioupos 

and Casinos conducted two-step loading tensile fatigue tests on human bone [67].  The 

study used the Palmgren-Miner rule to hypothesize the fatigue life of bones under two 

different loading sequences.  The first testing sequence cycled from zero to low stress for 

a certain number of cycles, followed by zero to high stress until failure.  The second test 

sequence applied zero to high stress for a certain number of cycles, followed by zero to 

low stress until failure.  It was found that there were deviations from the Palmgren-Miner 

rule, as previously reported in the literature [52], [59], [67].  This testing method can still 

be improved upon.  The two-block loading does not simulate real life loading situations 

very well.  Alternating the applied force during the test will more accurately replicate the 

fatigue and stress that bones are subjected to on a daily basis.  It is necessary to 
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understand fatigue in bone before an accurate prediction can be made for when a stress 

fracture will occur. 

 

Electromagnetic Shaker 

 

Chelizde took a dynamical systems approach in fatigue testing and developed a 

novel testing system utilizing an electromagnetic shaker [68]–[70].  The shaker, along 

with the use of permanent rare-earth magnets, was used to oscillate steel specimens in a 

chaotic manner.  The experimental system, known as a two-well magneto-mechanical 

oscillator, provided an innovative approach to material damage identification.  A 

modified version of this testing apparatus was used in the current study to cyclically load 

bone specimens at both constant and variable amplitudes. 

In this study, tests were conducted to observe the dynamics of different fracture 

mechanisms occurring in bone.  The purpose of this study was to analyze the fatigue of 

bone and damage accumulation when subjected to variable amplitude loads, by first 

conducting cyclic amplitude loading tests to incorporate into the Palmgren-Miner 

prediction method.  It was hypothesized that the Palmgren-Miner rule was capable of 

predicting the endurance limit of bone.  If the null hypothesis is rejected, the Palmgren-

Miner rule will be shown as not effective for predicting fatigue failure of bone, and thus 

proving that the conventional industry adoption of it does not apply to the material of 

bone. 
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CHAPTER TWO 

 

Materials and Methods 

 

 

Specimen Preparation 

 

Bovine tibias and femora were purchased from Animal Technologies, Inc. (Tyler, 

TX).  The gender, body weight, and health of the cows from which the bones were 

harvested were unknown.  It was known, however, that the cows were skeletally 

immature, and between the ages of eight to thirty months [71].  To eliminate one possible 

source of error, specimens were only cut from the lateral side.  The tissue on the outside 

of the bones was removed and the epiphyses were cut off using a Craftsman band saw.  

The diaphysis was then cut into two sections, separating the medial and the lateral sides 

of the bone.  The marrow was removed, and the lateral half of the diaphysis was then 

longitudinally cut into three sections, so that the grain of the bone ran along the length of 

the specimen.  A Buehler IsoMet
TM

 1000 precision saw (Lake Bluff, IL) with an 

IsoMet
TM

 15 LC diamond wafering blade was used to cut the lateral longitudinal pieces 

into specimens that were 2 inches long, by 0.5 inches wide, by 0.1 inches thick.  A 3:33 

ratio of Buehler Cool 2 cutting fluid to water was used as the cutting fluid for the saw.  

The diamond blade allowed for a smooth, polished finish on the faces of the specimens.  

Four femurs were used to machine twenty-eight total lateral specimens.  Any specimens 

that were cut to the specific dimensions but had visible surface defects were not used in 

order to eliminate variability.  Figure 2.1 provides a schematic of the number of 

specimens cut per bone and their location with respect to the bone. 
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Figure 2.1:  Schematic of where specimens were extracted from bovine tibia.  M refers to 

the medial side of the bone, and L refers to the lateral side of the bone. 

 

 

Specimens were notched with a triangular file on both sides centered within a 1” 

test section to create a stress concentration and assure that the bone would break in a 

specific area.  An 11/64” hole was drilled in the bone at one end (designated as bottom of 

specimen) with a Central Machinery 13” drill press to allow for attachment of the steel 

pendulum.  To keep the specimens hydrated until testing, the bones were wrapped in 

gauze, soaked in 0.9% saline solution, and stored at 1.4°C in a Ziplock
TM

 bag in a 

compact refrigerator (Kenmore, Sears Roebuck and Co., Chicago, IL).  If the bones were 

not intended to be used for an extended period of time, they were instead stored in a 

commercial freezer at -20°C (Artic Air, WCI/Frigidaire Co., Eden Prairie, MN), and then 

allowed to thaw in the compact refrigerator for at least 24 hours before testing. 

 

System Apparatus 

 

A VTS-100 electromagnetic shaker (Vibration Test Systems, Aurora, Ohio) was 

used in this study to conduct both constant amplitude and variable amplitude loading 

tests.  The translational movement of the shaker apparatus was used to apply a load to a 

pendulum to act as a reversible single cantilever beam.  Two ¾” cams (MSC, Melville, 

L M 
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NY) were fixed to a piece of aluminum that was attached to and extended out from the 

shaker, seen in Figure 2.2.  These cams applied the load to the pendulum as the shaker 

forced them back and forth.  The use of a roller at the tip of the actuator allowed for the 

pendulum to bend without creating a torque on the shaker itself. 

 

 
 

Figure 2.2:  Two cams are extended off the shaker by an aluminum attachment piece. 

 

 

To hold the pendulum in place between the two cams, a three piece C-arm 

apparatus was machined out of aluminum.  The three pieces, shown in Figure 2.3, were 

bolted together with four socket head cap screws. 

 

 
 

Figure 2.3:  Three-piece aluminum c-arm. 
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To create the long pendulum, the bone specimen was clamped between two 9 ¼” 

x ½” x ⅛” steel plates and secured by two round-head bolts and with two hex nuts, seen 

in Figure 2.4.  An aluminum plate spacer cut to the same thickness as the bone specimens 

was used to fill the gap between the steel plates below the bone. 

 

 
 

Figure 2.4:  The bone specimen is clamped between two steel plates.  An aluminum 

spacer is clamped below the bone to fill the gap between the steel plates. 

 

 

The top of the bone specimen was clamped in the side of the C-arm, seen in 

Figure 2.5, by an aluminum cap with two socket head cap screws.  The pendulum was 

clamped so that 1 inch of the bone specimen was being tested.  The testing region was 

from the bottom of the C-arm clamp to the top of the steel plates of the pendulum. 
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Figure 2.5:  (a) Placement of specimens in C-arm; (b) Addition of aluminum car held the 

specimens in place. 

 

 

The shaker, along with the C-arm apparatus, were bolted to a vibration isolation 

table (Nexus Breadboard, Thorlabs, Newton,NJ) to eliminate any noise signal from the 

surrounding environment.  The C-arm was aligned so that the pendulum fell directly 

between the two cams, and was slightly touching both.  Figure 2.6 illustrates how the test 

apparatus was set up. 

 

 
 

Figure 2.6:  The pendulum is positioned directly between the two cams. The three images 

show different views of the apparatus to visualize the positioning of the pendulum. 

 

(

a) 
(

b) 
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Deflection of the pendulum was measured with a laser vibrometer (LJ-V7300, 

Keyence, Elmwood Park, NJ).  The laser vibrometer measurements were used to 

calculate the strain, as opposed to measuring the strain directly, because the use of a 

strain gage enhanced the material properties of the bone and prevented the pendulum 

from deflecting to its maximum displacement.  A custom stand was machined from 

aluminum.  Aluminum was selected to dissipate heat generated by the laser and to 

prevent it from overheating.  Along with the shaker and C-arm, the stand was also bolted 

to the vibration isolation table.  The sensor head of the laser was fastened to the stage 

with three hex head machine screws.  The stand and the sensor head are illustrated in 

Figure 2.7. 

 

 
 

Figure 2.7:  (a) Four-piece aluminum stand, (b) Laser vibrometer bolted to the stage of 

aluminum stand. 

 

 

The stand was designed so that the height of the laser stage was adjustable.  The 

laser stage was carefully positioned to ensure that the pendulum, when mounted in the C-

arm, was positioned directly in the center of the beam to ensure accurate displacement 

measurement at a critical point on the pendulum and on the C-arm. The stand was placed 

(a) (b) 
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so that the face of the sensor head was 17.5 inches from the face of the steel clamp on the 

pendulum (see Figure 2.8). 

 
 

Figure 2.8:  The laser sensor head is positioned so that the pendulum is in the middle of 

the laser beam. 

 

 

The full setup of the total testing apparatus is shown in Figure 2.9.  As the shaker 

translated back and forth, the cams pushed and pulled the pendulum, which bent the bone 

specimen as a completely reversible single cantilever beam.  The laser vibrometer 

measured the deflection of the pendulum with respect to the C-arm.  A cooling blower 

(Low-Noise B-1 Blower, VTS, Aurora, Ohio) was attached to the shaker apparatus to 

prevent the shaker from overheating.  A light-blocking structure was constructed out of 

optical rails (Thorlabs, Newton, NJ) and draped with black felt to eliminate any light 

interference and to reduce noise and artifact in the laser’s data acquisition system.  The 

optical rails were chosen as the structure’s material to allow for attachments such as 

imaging devices for future work. 
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Figure 2.9:  Full setup of testing apparatus. 

 

 

System Hardware 

 

The laser sensor head was connected to a controller that was powered by a 24 V 

DC power supply.  The controller was connected to a PC on which both the Keyence 

software, LJ-Navigator2, and LabVIEW were installed.  Within the Keyence software, a 

step measurement was set for the laser to output.  A reference point on the bone and a 

target point on the pendulum were defined, and the difference between the two points 

was output by the laser to LJ-Navigator2 and to a custom LabVIEW acquisition program.  

This allowed for the deflection of the pendulum target point to be measured with respect 

to the C-arm reference point position continuously.  The reference point was set just 

below the C-arm clamp at the top of the bone specimen.  The target point was set 3.77” 

below the reference point, which was just above the cams.  The controller was connected 

to an analog input DAQ card (NI 9205, National Instruments, Austin, TX) that was 

placed in a compactDAQ chassis (NI cDAQ-9174, National Instruments, Austin, TX) and 

was connected to the PC.  The step data was continuously acquired by a custom 

LabVIEW program at 200 Hz, while the Keyence software continuously acquired both 

the step measurement and the entire profile of the laser line on the pendulum at 200 Hz.  
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The calibration curve of the sensor was set so that the resolution of the signal was 1 V per 

1 mm of deflection.  A schematic of the laser setup can be seen in Figure 2.10. 

 

 
 

Figure 2.10: Schematic of the laser vibrometer hardware provided by Keyence [72].  

"Reproduced with permission from LJ-V7000 Series Users Manual. Copyright 2015, 

KEYENCE.” 

 

 

The shaker was controlled by a custom wave generation LabVIEW program (see 

Appendix A) that generated a continuous sine wave signal.  The signal was sent through 

an analog output DAQ card (NI9263, National Instruments, Austin, TX), also placed in 

the DAQ chassis, to an amplifier (2002 XTi Series, Crown by Harman, Northridge, CA)  

that was then connected to the shaker apparatus.  The amplitude could be changed 

directly on the amplifier, but for all of the tests run in this study, the amplifier knob was 

left on the fourth notch, and the amplitude was directly controlled by the wave generation 

VI.  The program allowed the user to change the amplitude of the shaker as the test was 

running. 
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Cyclic Amplitude Load Testing 

 

Fourteen of the lateral femur specimens were cyclically loaded at a specified 

constant amplitude at a frequency of 5Hz.  The pendulum was considered to be in its zero 

position when it was hanging straight down and not being displaced by either roller.  One 

cycle was defined as the pendulum starting at its zero position, followed by being pushed 

by the left roller to its positive peak displacement, then pushed by the right roller past the 

zero to its negative peak displacement, and finally pushed by the left roller back to its 

zero position.  Each specimen was pre-cycled by ramping up the amplitude in the 

LabVIEW program by 0.5 until the desired amplitude of the test was reached, and was 

tested until complete failure, which was considered to be when the bone fractured into 

two pieces and the pendulum fell to the table. 

Cyclic loading tests were conducted at amplitudes of 3, 4, 5 and 6.  These tests 

were conducted at constant amplitudes, which did not necessarily correspond with 

constant peak stress or peak strain throughout the entirety of the test.  However, each 

amplitude corresponded with a consistent initial microstrain for each specimen tested (see 

Table 2.1).  An amplitude setting of 3 translated to an average initial microstrain of 4,000 

µε.  An amplitude of 4 translated to an average initial microstrain of 6,500 µε.  An 

amplitude of 5 translated to an average initial peak microstrain of 6,750 µε, and an 

amplitude of 6 translated to an average initial microstrain of 9,000 µε.  The force applied 

to the bone was not directly measured and should be incorporated in the future research 

following this pilot study.  The tests conducted will be referred to by their amplitude 

number for the remainder of this study. 
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Table 2.1:  Initial microstrain at each amplitude. 

 

Amplitude Setting Initial Microstrain (με) 

3 4,000 

4 6,500 

4.5 6,625 

5 6,750 

6 9,000 

 

 

Variable Amplitude Load Testing 

 

The same test apparatus was used to run the second portion of the study, using a 

second custom LabVIEW program that generated a variable amplitude wave based on 

user input (see Appendix A).  Fourteen specimens cut from lateral femur were tested 

under three different patterns at a frequency of 5 Hz.  Table 2.2 describes the three 

patterns designed.  The first pattern was 1055 cycles at an amplitude of 4.5 followed by 5 

cycles at an amplitude of 6.  The second pattern was 1000 cycles at an amplitude of 4.5 

followed by 100 cycles at an amplitude of 6.  An amplitude of 4.5 was used in the first 

two variable amplitude loading patterns because the cyclic amplitude results of 4 and 5 

were very similar.  The endurance limits of the tests run at an amplitude of 4 and at an 

amplitude of 5 were averaged and used as the total number of cycles to failure for 

amplitude 4.5.  Refer to Chapter Three for a more detailed explanation of the first two 

cycle patterns tested.  The final pattern was 1000 cycles at an amplitude of 3 followed by 

100 cycles at an amplitude of 6.  Each of these patterns were continuously repeated until 

complete failure of the bone specimens occurred. 
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Table 2.2:  Variable Amplitude Loading Patterns 

 

Pattern Amplitude 

CAL Avg. Cycles 

to Failure (Ni) 

VAL 

Pattern 

Predicted Cycles 

to Failure 

1 

4.5           

(6,625 με) 
39,632 1,055 38,916 

6.0           

(9,000 με) 
9,970 5 180 

Total   1,060 39,906 

2 

4.5           

(6,625 με) 
39,632 1,000 28,501 

6.0           

(9,000 με) 
9,970 100 2,800 

Total   1,100 31,301 

3 

3.0           

(4,000 με) 
138,021 1,000 58,000 

6.0           

(9,000 με) 
9,970 100 5,780 

Total   1,100 63,780 

 

 

Analysis 

 

The voltage output from the laser vibrometer was collected at 200 Hz by a custom 

LabVIEW program and saved as an .lvm file with a specific naming convention 

described in Appendix B.  Data was post processed using a custom MATLAB program 

(see Appendix C).  The number of cycles to failure was calculated by multiplying the 

time of testing by the driving frequency.  Figure 2.11 shows a schematic of the bone in 

bending and the parameters used in calculating the initial strain on the specimen. 

 



 

35 

 

 
 

Figure 2.11:  Schematic of bone in bending. 

 

 

The strain, ε, on the bone was calculated by using the acquired laser profile data 

to first determine the radius of curvature, Rc, of the specimen (Equation 2.1).  The radius 

of curvature was then used to calculate the arc angle, θ, using Equation 2.2, where L was 

the gage length of the bone test section.  The change in length, dL, was then calculated 

using Equation 2.3 where t was the thickness of the specimen.  Finally strain was 

calculated by dividing the change in length of the specimen by the initial length of the 

test section (Equation 2.4). 

𝑅𝑐 =
(1+(

𝑑𝑦

𝑑𝑥
)
2
)

3
2⁄

𝑑2𝑦

𝑑𝑥2

        (2.1) 

𝜃 = 2sin (
𝐿

2𝑅𝑐
)        (2.2) 

𝑑𝐿 = (
𝑡

2
) 𝜃         (2.3) 
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𝜀 =
𝑑𝐿

𝐿
         (2.4) 

The Palmgren Miner rule (Equation 2.5) was used to predict when specimens 

tested using variable amplitude would fail (i.e., when the damage accumulated, 𝐷𝑝, was 

predicted to equal a value of one).  The average endurance limits at each of the cyclic 

amplitudes were used in the prediction to calculate the predicted fatigue life for each 

bone specimen. 

𝐷𝑝 = ∑
𝑛𝑖

𝑁𝑖
     (2.5) 

Due to the low sample size for each of the tests, error analysis was conducted by 

using the lowest and highest values of each amplitude to calculate a prediction range.  

The lowest endurance limit values at each amplitude were used in the Palmgren-Miner 

rule to give an extreme low to the prediction, and the highest endurance limit values at 

each amplitude were used to give an extreme high to the prediction. 

The fracture surface of each specimen was imaged with an 8 megapixel camera 

(Samsung, Gyeonggi-do, Korea) and visually classified by the type of break (i.e. ductile 

vs. brittle).  Scanning Electron Microscope (JEOL, Peabody, MA) images were taken of 

representative specimens from each of the fracture classifications, as well as of any 

outlier specimens, to obtain an image at higher magnification of the fracture surfaces on 

the selected specimens. 

  



 

37 

 

 

 

 

CHAPTER THREE 

 

Preliminary Findings 

 

 

System Setup 

 

Due to the pilot nature of this study, as well as the complete custom design and 

unique assembly of the testing apparatus, many iterations of apparatus design were 

explored before selecting the final testing setup and analysis methods.  Throughout the 

extensive trial and error process, some significant preliminary results came to light and 

are documented in this chapter.  Readers primarily interested in the main results are 

advised to skip this chapter and return back following the completion of the discussion. 

 

Resonant Frequency 

 

Originally, the bone specimen was clamped from the top and treated as a 

swinging pendulum.  The entire jig that clamped the pendulum was forced by a VTS 

shaker apparatus at a certain amplitude at the bone’s resonant frequency.  The specimen 

was run at its resonant frequency to ensure maximum swing of the pendulum by inducing 

the maximum response amplitude.  The resonant frequency was determined by pushing 

the pendulum once by hand and measuring the deflection of its swing with a laser 

vibrometer at a data acquisition rate of 200 Hz.  Frequency versus power/frequency was 

plotted using Welch’s overlapped segment averaging estimator, which returned the power 

spectral density estimate [73].  An example is displayed in Figure 3.1.  The frequency 

that displayed the highest power/frequency spike was determined to be the resonant 
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frequency for that individual specimen.  The sharp spike around 10 Hz, observed in 

Figure 3.1, was determined to be this particular specimen’s resonant frequency. 

 

 
 

Figure 3.1:  Resonant frequency of individual bone specimen. 

 

 

This original testing setup proved to be problematic for the current study.  As the 

bone was cyclically forced back and forth and the bone began to fatigue, the deflection of 

the material began to decrease as opposed to the expected increase.  It was anticipated 

that as the bone accumulated damage, the material would have more bend and therefore 

more deflection.  The assumption was that the bone was falling out of its resonant 

frequency as the test progressed.  To test this hypothesis a test was conducted on a bone 

specimen that forced the pendulum at a consistent amplitude while changing the cyclic 

frequency.  This test showed that the farther away from the resonant frequency the 

forcing frequency was, the smaller the deflection of the pendulum.  As shown in Figure 

3.2, even being off by just 0.078 Hz, decreased the deflection by 3.5 mm.  This was not 
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optimal for the current study because the desired outcome was for the bone to be forced 

at the same stress level for the entirety of the test. 

 

 
 

Figure 3.2:  Deflections of bone specimen at various frequencies compared to the 

deflection of the specimen at its resonant frequency. 

 

 

Fixation 

 

Following this conclusion, further tests were conducted to better understand the 

true cause of the bone falling out of its resonant frequency. This knowledge was critical 

in order to accurately alter the testing setup to avoid this problem.  The first variable to be 

tested was the fixation of the bone to determine if inherent slight differences in the 

manual clamping process for each individual bone produced any noticeable variation in 

the resonant frequency measurements.  A bone specimen was clamped in the testing 

apparatus, and the resonant frequency was measured.  The bone pendulum was then 

immediately and completely removed from the jig and then remounted to it.  The 

resonant frequency was then measured again.  This process was repeated multiple times.  
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Figure 3.3 displays the results of this test.  The fixation of the pendulum did affect the 

resonant frequency of the material. 

 

 
 

Figure 3.3:  The effect of fixation on the resonant frequency of a material. 

 

 

Hydration 

 

The next variable examined was the hydration of the bone because water content 

has an effect on the material properties.  The bone was not kept wet throughout the 

fatigue test in the original setup.  To establish a baseline, the resonant frequency was 

measured using a fully hydrated bone.  The bone was then left suspended in the jig for a 

total of 96 hours without being fatigued or hydrated.  The resonant frequency was 

measured and recorded periodically throughout the test (see Figure 3.4).  The resonant 

frequency is affected by the hydration of the bone.  Throughout the length of the test, the 

resonant frequency decreased by 0.59 Hz, which would significantly affect the deflection 

of the bone, as shown earlier (see Figure 3.2).  Another significant observation made was 

that the resonant frequency began to plateau after 7 hours – proving that after a certain 

amount of time, the bone dries out completely, and the resonant frequency is no longer 

affected by the level of hydration. 
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Figure 3.4:  The effect of the hydration of the bone on its resonant frequency. 

 

 

Damage Accumulation 

 

Another hypothesis was that the resonant frequency changed due to damage 

accumulation in the bone as the test progressed.  This assumption was tested by fatiguing 

a bone specimen that was allowed to dry out for 24 hours.  The bone was cycled at the 

specimen’s original resonant frequency at a constant amplitude for 34 hours, and the 

resonant frequency was checked periodically throughout.  The resonant frequency 

dropped 0.394 Hz over the course of the test, which significantly affected the deflection 

of the pendulum.  Because the bone was not cycling at its actual resonant frequency 

throughout the whole test, constant stress was not being applied the whole time.  The 

stress applied was decreasing throughout the test, and therefore the damage was 

accumulating at a slower rate.  This smaller fatigue level still had an effect on the 

resonant frequency of the bone. 
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Figure 3.5:  The effect of damage accumulation of bone on its resonant frequency. 

 

 

In conclusion, the resonant frequency was affected by many variables, including 

fixation, hydration, and damage accumulation.  In the case of the current test setup, 

eliminating damage accumulation is impossible due to the fact that fatiguing the material 

is the key to the proposed study.  New testing apparatuses needed to be developed that 

incorporated an actuator that directly applied the force to the pendulum, as opposed to 

relying on the pendulum to continuously swing in its resonant frequency. 

 

Bone Variability 

 

After the final testing apparatus and setup were determined and optimized, some 

observations were made regarding the bone from which the specimen was cut and the 

location within the bone.  The original tests were run using experimental specimens cut 

from both the medial and lateral sides of bovine tibias and femurs. 

Cyclic amplitude loading tests were conducted at three different amplitudes at a 

frequency of 5 Hz.  After testing nine specimens from tibias and nine specimens from 

femurs, the tibias displayed a much larger range of endurance limits, and the endurance 
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limits for the tibias were considerably greater than that of the femurs (see Figure 3.6).  

The tibias tested at an amplitude of 4 resulted in an average endurance limit of 259,088 

cycles, while the femurs tested at an amplitude of 4 resulted in an average endurance 

limit of only 42,833 cycles.  The tibias tested at an amplitude of 5 resulted in an average 

of 209,698 cycles to failure, while the femurs tested at an amplitude of 5 resulted in an 

average of only 36,430 cycles to failure.  Finally, the tibias tested at an amplitude of 6 

resulted in an average endurance limit of 98,997 cycles, while the femurs tested at an 

amplitude of 6 resulted in an average endurance limit of only 9,970 cycles. 

 

 
 

Figure 3.6:  Endurance limits of bovine tibia compared to that of bovine femur. 

 

 

After further investigation, the literature revealed that bovine tibias have been 

tested and shown to have a much higher ultimate tensile and ultimate compressive 

strength than bovine femurs [74]–[77].  Some of the values reported in the literature are 

reported in Table 3.1.  Similar to the location of the bone where the specimen was cut 
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from, medial or lateral, only femurs were used in testing to reduce the variability of the 

endurance limits of the bone specimens. 

 

Table 3.1:  Reported compression and tensile strength values of bovine tibias and femurs. 

 

Reference Type of bone Type of test Strength (MPa) 

McElhaney et al [78] Femur Compression 133 

Simkin and Robin [79] Tibia Compression 165 

Currey [80] Femur Tensile 142 

Burstein et al [81] Tibia Tensile 188±9 

 

 

Variable Amplitude Loading 

 

Cyclic amplitude tests were conducted at four different amplitudes to determine 

an average endurance limit at each amplitude.  These averages were used to apply the 

Palmgren-Miner rule to predict the fatigue life of a specimen that was subjected to 

variable amplitudes.  Variable amplitude patterns were designed to test the specimens at 

two repeating load blocks until failure of the bone.  Pattern 1 was designed to test 

whether a small number of overload cycles would have an effect on the prediction.  Due 

to the pilot nature of this study, it was not known what cycle pattern would yield desired 

results.  Therefore, the number of cycles at each amplitude in the pattern were arbitrarily 

chosen.  The pattern consisted of 1,055 cycles at an amplitude of 4.5 (~ 6,625 initial 

microstrain) followed by 5 cycles at an amplitude of 6 (~9,000 initial microstrain).  This 

pattern was repeated to failure.  The Palmgren-Miner rule predicted that the specimens 

should break at approximately 39,095 cycles.  Table 3.2 displays the actual endurance 

limits of the specimens, as well as the total number of cycles applied at each amplitude, 

n1 and n2. 

 



 

45 

 

Table 3.2:  Results of Pattern 1 Variable Amplitude Loading (D=ductile, B=brittle, 

DB=ductile/brittle). 

 

Specimen 

Cycles, 

Amplitude 

1 (n1) 

Cycles, 

Amplitude 

2 (n2) 

Total 

Cycles 

Predicted 

Cycles 

(D=1) 

Damage 

Accumulated 

(D) 

Fracture 

Classification 

1 33,760 158 33,918 

39,096 

0.868 DB 

2 10,550 45 10,594 0.271 B 

3 45,365 215 45,580 1.166 D  

 

 

The specimens broke well under and well above the predicted lifetime, as well as 

very near to it.  Specimen 2 failed after only 27% of its expected fatigue life and 

displayed a brittle fracture surface.  Specimen 3 failed at 117% of its expected fatigue 

life, and displayed a ductile fracture surface.  Specimen 1 failed at 87% of its expected 

fatigue life and displayed a fracture surface that combined brittle and ductile fractures. 

Each specimen was also classified by its individual fracture surface type (see 

Figure 3.7). 

 

 

 

 
 

Figure 3.7:  Fracture surfaces displaying a (a) brittle, (b) ductile, and (c) combination of 

ductile and brittle breaks. 

 

a

c

(a) 

(b) 

(c) 
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As observed in Figure 3.7 (a), a brittle type break was seen in the specimen that 

broke well under the predicted endurance limit.  A ductile type break was seen in the 

specimen that broke well above the predicted endurance limit, as seen in Figure 3.7 (b). 

Finally, a combination of the two was observed on the specimen that broke very near the 

prediction, seen in Figure 3.7 (c). 

A second pattern was designed for the variable amplitude loading tests to test 

whether an increased number of overload cycles would have an effect on the prediction.  

This pattern consisted of an amplitude of 4.5 applied for 1,000 cycles, followed by an 

amplitude of 6 applied for 100 cycles.  This pattern was continuously repeated until 

failure of the bone occurred.  The Palmgren-Miner rule predicted that the specimen 

would fail after 31,300 cycles combined.  Specimen 2 failed at 62.5% of its expected 

fatigue life and specimen 4 failed after 150% of its expected fatigue life (see Table 3.3).  

Both of these specimens displayed a combination of ductile and brittle breaks.  Specimen 

3 failed after only 6.25% of its expected fatigue life and displayed a brittle fracture 

surface.  This very low endurance limit may have been due to a defect already in the 

specimen that weakened the properties of the bone.  Specimen 1 accumulated 475% more 

damage than what was predicted by the Palmgren-Miner Rule and displayed a ductile 

break.  Unlike the first pattern, none of the specimens fell near the predicted life cycle.  

Again, each of the three fracture types was observed in the tested specimens: brittle, 

ductile, and a combination of the two. 
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Table 3.3:  Results of Pattern 2 Variable Amplitude Loading (D=ductile, B=brittle, 

DB=combined ductile/brittle). 

 

Specimen 

Cycles, 

Amplitude 

1 (n1) 

Cycles, 

Amplitude 

2 (n2) 

Total 

Cycles 

Predicted 

Cycles 

(D=1) 

Damage 

Accumulated 

(D) 

Fracture 

Classification 

1 136,000 13,544 149,544 

31,301 

4.790 D  

2 18,000 1,709 19,709 0.626 DB 

3 2,000 125 2,126 0.063 B 

4 43,000 4,201 47,201 1.506 DB 

 

 

Figure 3.8 displays the endurance limits of the specimens tested under both of the 

different patterns compared to their Palmgren-Miner predictions.  The resulting fatigue 

lives displayed great variability when compared to the predicted endurance limit.  After 

conducting tests under the two designed patterns, it was concluded that these two 

experiments did not display the desired behavior. 

 

 
 

Figure 3.8:  Endurance limits of tests loaded at variable loads compared to the Palmgren-

Miner prediction. 

 

 

During this test method development, it was determined that a pattern that 

incorporated amplitudes resulting in the two extreme fracture mechanisms, ductile and 
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brittle, was needed.  From the preliminary findings of the cyclic amplitude loading tests, 

it was observed that specimens tested at an amplitude of 3 primarily resulted in ductile 

breaks, specimens run at amplitudes 4 and 5 primarily resulted in a combination of 

ductile and brittle breaks, and specimens run at an amplitude of 6 primarily resulted in 

brittle breaks.  A more thorough discussion of these findings can be found in Chapter 

Four.  Therefore, moving forward, a variable amplitude loading cycle pattern using only 

the amplitude 3 and 6 was designed to isolate the ductile and brittle fracture regimes. 
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CHAPTER FOUR 

 

Results 

 

 

Cyclic Amplitude Loading 

 

Fourteen specimens were prepared from the lateral half of bovine femurs and 

were cyclically loaded at four different constant amplitudes, each at a frequency of 5 Hz.  

These specimens were cycled until complete failure and the number of cycles to failure 

was counted and recorded.  The deflections of the bone were continuously measured with 

a laser vibrometer, and these values were used to calculate the strains each of the 

specimens were under. 

 

Low Amplitude 

 

Four of the specimens were tested at an amplitude of 3, which was the lowest of 

the amplitudes.  This amplitude corresponded to an initial microstrain of approximately 

4,000 µε at the start of the test. The number of cycles to failure, or endurance limit, for 

each specimen was recorded (see Table 4.1).  Failure was considered to be after the bone 

had broken into two pieces and the pendulum fell to the table.  Together the specimens 

resulted in very high endurance limits with an average of 138,021 cycles.  This was 

considered to be very high cycle for the testing parameters of the study. 
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Table 4.1:  Specimens tested at a constant amplitude of 3. 

 

Specimen Bone Amplitude 
Endurance Limit 

(Cycles) 

Fracture 

Classification 

1 Femur 4 3 116846.6 D 

2 Femur 4 3 159775.0 D 

3 Femur 4 3 145661.2 D 

4 Femur 4 3 129801.4 D 

 

 

Following failure, each specimen was examined and categorized by their fracture 

surfaces.  All of the specimens cycled at the low amplitude displayed a ductile break.  

Table 4.1 displays this, with D corresponding to ductile in the fracture classification 

column.  Figure 4.1 shows the fracture of a specimen that broke ductilely.  The crack 

formed on this specimen originated from the notch and propagated across the width of the 

specimen.  This break corresponded with a slow break and high cycle fatigue limits. 

 

 

 
 

Figure 4.1:  Fracture of a specimen tested at a constant amplitude of 3 that displayed a 

ductile break. 

 

 

Medium Amplitude 

 

Three samples were tested at an amplitude of 4 which was considered low-

medium stress.  This amplitude corresponded with an original microstrain of 

approximately 6,500 µε.  The specimens tested at this amplitude resulted in lower cycles 
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to failure than that of the specimens tested at an amplitude of 3, seen in Table 4.2.  

Together the bones cycled at a low-medium amplitude resulted in an average endurance 

limit of 42,834 cycles.  This was considered to be a high-medium cycle limit for this 

study.  All of the specimens run at this amplitude displayed a combination of ductile and 

brittle breaks.  Table 4.2 displays this, with the combination of ductile and brittle breaks 

represented as DB in the fracture classification column. 

 

Table 4.2:  Specimens tested at a constant amplitude of 4. 

 

Specimen Bone Amplitude 
Endurance Limit 

(Cycles) 

Fracture 

Classification 

1 Femur 1 4 66061.2 DB 

2 Femur 2 4 34287.6 DB 

3 Femur 2 4 28152.1 DB 

 

 

Three samples were tested at an amplitude of 5, which was considered to be a 

medium-high stress.  This amplitude corresponded with an original microstrain of 

approximately 6,750 µε.  These bones resulted in slightly lower endurance limits 

compared to that of the specimens run at an amplitude of 4, seen in Table 4.3.  However, 

the average fatigue life was very similar at 36,431 cycles.  The resulting endurance limits 

were considered to be medium-low cycle.  Similar to amplitude 4, two of the specimens 

displayed a combination of ductile and brittle breaks.  The specimen that failed after the 

least number of cycles at this amplitude displayed a more brittle break, which is 

represented in Table 4.3 with a B. 
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Table 4.3:  Specimens tested at a constant amplitude of 5. 

 

Specimen Bone Amplitude 
Endurance Limit 

(Cycles) 

Fracture 

Classification 

1 Femur 1 5 36447.1 DB 

2 Femur 2 5 45481.9 DB 

3 Femur 2 5 27362.5 B 

 

 

The bone specimen seen in Figure 4.2 shows an example of the appearance of a 

sample with a ductile to brittle fracture classification.  As seen in the top image, the crack 

originated at the bottom notch and propagated across the width of the specimen.  Once 

the stress got to be too much for the material to handle, a fast fracture occurred which can 

be observed in the bottom image of Figure 4.2. 

 

 

 
 

Figure 4.2:  Fracture of a specimen tested at a constant amplitude of 4 that displayed a 

combination of brittle and ductile breaks.  

 

 

High Amplitude 

 

Four samples were tested at an amplitude of 6, which was the highest stress 

tested.  This amplitude corresponded with an initial microstrain of approximately 9,000 

µε.  These specimens resulted in much lower endurance limits than that of all of the 

previous amplitudes tested, as seen in Table 4.4.  These bones together resulted in an 

Ductile region 

Brittle region 
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average endurance limit of 9,970 cycles to failure.  This is considered to be very low 

cycle. 

 

Table 4.4:  Specimens tested at a constant amplitude of 6. 

 

Specimen Bone Amplitude 
Endurance Limit 

(Cycles) 

Fracture 

Classification 

1 Femur 1 6 15804.4 B 

2 Femur 2 6 7591.8 DB 

3 Femur 2 6 11054.5 B 

4 Femur 4 6 5427.8 B 

 

 

One of the specimens displayed a combination of ductile and brittle type breaks, 

similar to those seen in the specimens run at the medium amplitudes.  The final three 

specimens showed brittle breaks, an example of which can be seen in Figure 4.3.  The 

distinct characteristic observed in the brittle fracture classification is the straight break.  

There is no evidence of crack propagation, only fast fracture across the thickness of the 

specimen. 

 

 

 
 

Figure 4.3:  Fracture of a specimen tested at a constant amplitude of 6 that displayed a 

brittle break. 
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After cyclically testing bone specimens at four different constant amplitudes, an 

overall trend was observed.  Figure 4.4 displays the endurance limits of all of the 

specimens tested under cyclic amplitude loading.  The bones that were fatigued at a lower 

average initial microstrain level of 4,000 µε were associated with higher endurance limits 

and displayed ductile breaks.  The bones that were fatigued at a medium average initial 

microstrain level of 6,500 µε and 6,750 µε resulted in very similar endurance limits and 

displayed mostly a combination of ductile and brittle breaks.  The cycles to failure 

recorded for the specimens at these amplitudes were in the mid-range of all of the 

specimens tested under cyclic amplitude loading.  The bones that were fatigued at a very 

high average initial microstrain of 9,000 µε resulted in much lower endurance limits in 

comparison to the rest of specimens tested.  These specimens displayed mostly brittle, 

fast fracture breaks. 

 

 
 

Figure 4.4:  Endurance limits of bones tested under cyclic amplitude loading. 
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Variable Amplitude Loading 

 

Six specimens were prepared from the lateral half of the diaphysis of  bovine 

femurs and were tested under variable amplitude loading with a cycle pattern designed 

using only the low and high amplitudes tested in the cyclic amplitude loading, 3 and 6 

respectively.  The pattern of 1,000 cycles at low amplitude followed by 100 cycles at 

high amplitude, was continuously repeated until complete failure of the bone occurred.  

All of the specimens tested under variable amplitude loading broke during the high 

amplitude portion of the pattern.  Table 4.5 displays the endurance limits of the 

specimens run in this test.  Of the six specimens tested, five of them resulted in low cycle 

endurance limits, ranging from 1,006 to 36,275 cycles to failure.  One of the specimens 

resulted in an endurance limit of 61,556 cycles.  This outlier displayed a different fracture 

pattern than the rest of the specimens at this level.  Most of the specimens displayed a 

combination of ductile and brittle breaks, while the outlier specimen displayed a ductile 

break.  The amount of damage accumulated by each specimen, according to the 

Palmgren-Miner rule, is also provided in the table.  The values given represent the 

proportion of damage the bone accrued in relation to the Palmgren-Miner prediction, 

where failure is expected to occur when 𝐷𝑝 = 1.  The number of cycles applied at each 

amplitude are shown under columns n1 and n2, where n1 is the total number of cycles 

applied by the first amplitude and n2 is the total number of cycles applied by the second 

amplitude.  N1 and N2 are the number of cycles at each amplitude that the Palmgren-

Miner rule predicted would cause the bone to fail. 
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Table 4.5:  Results of Pattern 3 Variable Amplitude Loading (D=ductile, B=brittle, 

DB=combined ductile/brittle). 

 

Specimen 

Cycles, 

Amplitude 

1 (n1) 

Cycles, 

Amplitude 

2 (n2) 

Total 

Cycles 

Predicted 

Cycles 

(D=1) 

Damage 

Accumulated 

(D) 

Fracture 

Classification 

1 21,000 2,015 23,016 

63,780 

0.361 DB 

2 10,000 916 10,916 0.171 DB 

3 2,000 210 2,110 0.033 DB 

4 1,000 6 1,006 0.016 B 

5 33,000 3,275 36,275 0.569 DB 

6 56,000 5,556 61,556 0.965 D 

 

 

The fracture classification of each of the specimens tested under variable 

amplitude loading is also displayed in Table 4.5.  Most of the specimens tested showed a 

combination of ductile and brittle breaks with the exception of one of the specimens 

displaying a brittle break and one displaying a ductile break.  The history of the bone was 

not known; therefore, these two outliers were likely due to the natural variability in the 

pre-existing state of the bone.  The specimen that broke ductilely, seen in Figure 4.5, 

displayed a similar appearance to those run at a constant amplitude of 3.   

 

 

 
 

Figure 4.5:  Fracture of a specimen tested under variable amplitude loading that displayed 

a ductile break. 
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This specimen shows clear crack propagation beginning at the notch traveling 

diagonally across the width of the specimen and changing direction halfway though.  This 

specimen, that was considered an outlier in this test because of its extraordinarily high 

endurance limit when compared with the rest of the group, confirms that the ductile break 

is associated with high cycle fatigue. 

The fracture of a specimen tested under variable amplitude loading that displayed 

a combination of ductile and fracture breaks can be seen in Figure 4.6.  These fractures 

showed a very close resemblance to those of the specimens tested at medium amplitudes 

of 4 and 5.  On this specimen, the top image indicates that the crack originated at the 

notch and propagated across the width of the surface.  The bottom image shows the fast 

fracture surface that broke brittlely once the stress applied to the material became too 

much for the undamaged bone to handle. 

 

 

 
 

Figure 4.6:  Fracture of a specimen tested under variable amplitude loading that displayed 

a combination of brittle and ductile breaks. 

 

 

The fracture surface of the specimen that failed after 1,006 cycles displayed a 

brittle break (see Figure 4.7).  The fracture surface of this specimen is very smooth and 

Ductile region 

Brittle region 
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has straight sharp edges which are indicators of a fast fracture.  These characteristics are 

similar to those seen in the specimens run at a high cyclic amplitude of 6. 

 

 

 
 

Figure 4.7:  Fracture surface of a specimen tested under variable amplitude loading that 

displayed a brittle break. 

 

 

The plot in Figure 4.8 displays the endurance limits of the specimens run at low, 

variable, and high amplitudes.  The number of cycles to failure predicted by the 

Palmgren-Miner rule is represented by the red asterisk.  This value was calculated to be 

63,780 cycles, which was very near the middle of the range of endurance limits seen in 

the specimens tested at the high and low amplitudes.  The prediction range calculated 

using the extreme endurance limit values was 46,476 to 99,573 cycles.  All but one of the 

variable amplitude loading specimens fell well below the prediction, closer to the average 

of the specimens tested at only the high amplitude. 

The lowest endurance limit values of the specimens tested at both amplitude 3 and 

6 were used to calculate a lower limit of 46,476 cycles for the range of the Palmgren-

Miner prediction.  Just the same, the highest endurance limit values of the specimens 

tested at both the low and high amplitudes were used to calculate the upper limit of 
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99,573 cycles for the range of the prediction.  All but one of the specimens fell well 

below and out of the range of the prediction. 

 

 
 

Figure 4.8:  Endurance limits of specimens tested at low, variable, and high amplitudes 

compared to the Palmgren-Miner prediction. 

 

 

Fracture Surfaces 

 

Further investigation of the fracture surfaces of the failed specimens was 

conducted by imaging one specimen of each fracture classification tested under both 

cyclic and variable amplitude loading by scanning electron microscopy (SEM).  Higher 

magnification observation was needed to better understand the dynamics of the different 

fracture mechanisms. 

 

Cyclic Amplitude Loading Specimens 

 

The results gathered from the cyclic amplitude tests showed three distinct fracture 

types: ductile, brittle, and a combination of both ductile and brittle.  The specimens were 
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first classified by their appearance to the naked eye, but after further investigation with a 

scanning electron microscope (SEM), distinct characteristics were observed for each of 

the fracture types. 

 

Brittle fracture.  All of the bone specimens run at an amplitude of 6 displayed a 

brittle break and were accompanied by a very low number of cycles to failure.  To the 

naked eye, a brittle break appeared as a relatively smooth fracture surface with straight 

edges, demonstrating evidence of a fast fracture.  After further investigation by SEM, a 

distinct characteristic was observed that was much different than that of the ductile break.  

Whereas the ductile break showed evidence of the main crack propagating along the 

width of the specimen, the brittle fracture showed that the specimen broke along the 

thickness of the specimen.  A separation of the layers of the bone was observed.  This 

delamination of the layers was due to the high force separating each individual layer of 

the bone along the thickness of the specimen, as seen in Figure 4.9.  Not only was the 

crack growing through the interstitial matrix due to high stress, but the interfaces between 

the layers of the bone were weakening as well.  This behavior occurred in specimens with 

lower cycles to failure because more damage was occurring simultaneously in a shorter 

amount of time. 

The fracture surface of a specimen tested at a constant amplitude of 6 that resulted 

in a very low endurance limit, and displayed a brittle break following fracture, was 

imaged at a magnification of 50x (see Figure 4.10).  Separation of layers and 

delamination were observed in the specimen which is indicative of a fast fracture.  

Multiple toughening mechanisms were imaged as well, including void coalescence and 

ligament crack bridging. 
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Figure 4.9:  Schematic of the fracture surface of a brittle break. 

 

 

Both of these are extrinsic toughening mechanisms, meaning they occur behind 

the crack tip.  Higher magnification images and more discussion of these two 

mechanisms can be found in Chapter Five. 

 

 
 

Figure 4.10:  SEM image of a specimen tested at a constant amplitude of 6 that displayed 

a brittle break. 
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Ductile fracture.  Similar to the specimens run at an amplitude of 6, the specimens 

run at the lowest amplitude of 3 displayed a very distinct type of break.  All of the 

specimens broke after a very high number of cycles, and their fracture surfaces all 

displayed a ductile break.  A major distinguishing factor between the ductile break and 

other fracture classifications was the evidence of beach markings.  Beach markings are 

distinct progression marks on the fracture surface that point directly back to the point of 

crack initiation.  These markings also showed the route of travel of the crack propagation. 

Figure 4.11 displays an example of what is seen in a ductile break and how the beach 

markings give a representation of how the crack propagated through the specimen.  The 

arrow indicates the direction in which the crack grew.  Almost every specimen that 

exhibited a ductile fracture also had a crack that propagated along the width of the bone – 

a much longer path than the other fracture classifications took.  Due to the greater 

distance traveled, the crack took more time to form and, in turn, resulted in a higher 

number of cycles accumulated by the bone until failure. 

 

 
 

Figure 4.11:  Schematic of the fracture surface of a ductile break. 
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The fracture surface of a specimen tested at a constant amplitude of 3 that resulted 

in a high cycle endurance limit and displayed a ductile break was imaged at a 

magnification of 50x (see Figure 4.12).  Beach markings can be clearly observed in this 

SEM image, which shows crack propagation across the width of the specimen.  No 

delamination is observed on this specimen, which indicates that this was a purely ductile 

break. 

 

 
 

Figure 4.12:  SEM image of a specimen tested at a constant amplitude of 3 that displayed 

a ductile break. 

 

 

Combination of fracture modes.  The specimens tested at the low amplitude 

displayed a characteristic ductile fracture surface, and those tested under high amplitude 

displayed a characteristic brittle fracture surface.  However, the specimens run at an 

amplitude of 4 or 5 displayed a combination of both ductile and brittle fractures.  Figure 

Beach markings 

Crack propagation 

direction 
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4.13 shows an example of what was noted in these combination fractures.  Beach 

markings were observed, indicating that the main crack originated from one of the 

notches.  However, unlike the purely ductile break, beach markings were not observed 

along the entire surface of the specimen.  In these same specimens tested under the 

medium amplitudes, part of the fracture surface also displayed a smooth surface with 

straight edges paired with delamination of the interstitial layers.  This indicated that the 

main crack propagated until the remaining undamaged bone could no longer withstand 

the applied force.  The specimen then fractured quickly, broke the weaker bonds between 

the layers, and pulled the lamina apart. 

 

 
 

Figure 4.13:  Schematic of the fracture surface of a combination of ductile and brittle 

breaks. 

 

 

The fracture surface of a specimen tested at a constant amplitude of 4 that resulted 

in an endurance limit that fell in the mid-range of all of the specimens tested and 
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displayed a combination of both ductile and brittle breaks was imaged at a magnification 

of 50x (see Figure 4.14).   

 

 
 

Figure 4.14:  SEM image of a specimen tested at a constant amplitude of 4 that displayed 

a combination of ductile and brittle breaks.  (a) Ductile type break can be observed.  (b)  

Brittle type break can be observed. 

 

 

Image (a) displays the ductile portion of the fracture surface where beach 

markings can be seen, indicating a slower crack propagation along the width of the 

(a) 

(b) 

Beach markings 

Crack propagation 
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Crack propagation 
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Delamination 
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specimen.  The image in Figure 4.14 (b) shows the brittle portion of the fracture surface 

where separation of layers and delamination can be seen.  These display a fast fracture 

across the thickness of the specimen, perpendicular to that of the crack propagation in the 

ductile region. 

 

Variable Amplitude Loading Specimens 

 

The fracture surface of a specimen that was tested under variable amplitude and 

resulted in a very low endurance limit was imaged at a magnification of 40x.  The 

fracture surface following failure of the specimen resembled that of the specimens run at 

a constant amplitude of 6, and the same held true after taking a closer look with the SEM.  

Figure 4.15 shows clear separation of layers and delamination of the bone specimen.  

Again this is consistent with a fast fracture across the thickness of the specimen. 

 

 
 

Figure 4.15:  SEM image of a specimen tested under variable amplitude loading that 

displayed a brittle break. 
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The fracture surface of one of the specimens tested under variable amplitude 

loading that resulted in an endurance much higher than the rest of the specimens tested 

under these conditions displayed a ductile break (see Figure 4.16).  Similar to that of the 

specimens tested at a constant amplitude of 3, this specimen showed clear beach 

markings and evidence of crack propagation.  These fracture characteristics are consistent 

with the high cycle fatigue life. 

The final specimen imaged was that of one of the bone specimens tested under 

variable amplitude loading that resulted in an endurance limit in the mid-range of all of 

the tested specimens. 

 
 

Figure 4.16:  SEM image of a specimen tested under variable amplitude loading that 

displayed a ductile break.  

 

 

This specimen displayed a combination of both ductile and brittle breaks and was 

imaged at a magnification of 50x (see Figure 4.17).  This image distinctly shows 
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characteristics of both of the different fracture mechanisms.  Directly in the center of the 

image, separation of layers and delamination, which are characteristic of brittle fracture, 

were observed.  The right side of the image shows clear beach markings, which indicate 

crack propagation and are associated with higher cycle fatigue and ductile breaks.  This 

mixed mode fracture of distinct brittle and ductile regions, was the standard fracture type 

for the specimens tested at the mid-range amplitudes. 

 

                                Brittle Region        Ductile Region 

 

 
 

Figure 4.17:  SEM image of a specimen tested under variable amplitude loading that 

displayed a combination of brittle and ductile breaks. 

 

 

Statistical Analysis 

 

Following the testing of the specimens run under the cyclic amplitude loading, an 

ANOVA was performed that indicated there was a significant difference among the 
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specimens run at the four different amplitudes (p<0.0001).  A multiple comparison 

Tukey-Kramer test run at α=0.05 indicated a significant difference in the specimens run 

at the low amplitude compared to the rest of the groups, including the mid-range and high 

amplitudes.  There were no significant differences among the other groups. 

A second ANOVA was performed comparing the specimens tested under cyclic 

amplitude loading at the low and high amplitudes and the specimens tested under variable 

amplitude loading.  This test indicated a significant difference (p<0.0001) among the 

groups.  A multiple comparison Tukey-Kramer test run at an α=0.05 indicated there was 

a significant difference in the specimens run at the low amplitude compared to the other 

two groups.  There was no significant difference between the specimens run at the high 

amplitude and the specimens tested under variable amplitude loading. 

A final ANOVA was performed on the same groups as the second ANOVA but 

classified by the specimens’ fracture surfaces.  This test indicated that there was a 

significant difference among the groups (p<0.0001).  A multiple comparisons Tukey-

Kramer test run at an α=0.05 indicated that the specimens displaying a ductile fracture 

showed significant difference compared to those that displayed a combination or brittle 

fracture surface.  There was no significant difference between the specimens that 

displayed a combination fracture surface and the specimens that displayed a brittle 

fracture surface.  Some of the groups tested may not have shown a significant difference 

due to the small sample size.  Please see Appendix D for SAS code and SAS output. 
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CHAPTER FIVE 

 

Discussion and Conclusion 

 

 

Stress fractures are a very prevalent and painful injury due to microcracks within 

the bone that are caused by excessive fatigue of the material [45]–[47].  Studies 

conducted in the past have shown that bone’s mechanical properties change and weaken 

due to cyclic testing [49], [50].  Therefore, damage in bone is observable and 

measureable.  However, more advanced testing methods are needed because current 

methods do not properly simulate realistic loading situations that bones experience in 

everyday activity.  Simple constant amplitude tests are not sufficient and do not provide 

enough information to predict when a bone will break if subjected to certain activity 

levels.  An accurate prediction method of the amount of damage accumulated by the 

material is necessary to determine the state of the bone and hypothesize its eventual 

failure.  To provide insight into this problem and more accurately simulate the everyday 

forces that bones experience, a novel testing apparatus was modified to conduct fatigue 

tests on the bone [68]–[70]. 

The Palmgren Miner rule is a damage accumulation hypothesis that is often used 

in the aerospace and mechanical industries to predict the endurance limit of metals.  In 

this study, the Palmgren Miner rule was used to predict when the failure of bone would 

occur.  The results showed that the simplicity of a linear relationship is not accurate or 

sufficient enough to predict failure under variable amplitude loading conditions. 
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Cyclic Amplitude Loading 

 

 

Toughening Mechanisms 

 

As described in Chapter One, bone undergoes toughening during fatigue [27]–

[32].  There are multiple toughening mechanisms that occur during fatigue, but they are 

typically placed into two categories – intrinsic and extrinsic.  Intrinsic mechanisms occur 

in front of the crack tip, while extrinsic mechanisms act behind the crack tip in the wake.  

Both intrinsic and extrinsic mechanisms were observed when tests were conducted under 

cyclic amplitude. 

 

Intrinsic toughening mechanisms.  A ductile fracture classification is typically 

observed with the intrinsic toughening mechanisms seen in bone, such as microdamage.  

This microdamage occurs in front of the crack tip and slows down the crack propagation 

by absorbing and dissipating energy.  Figure 5.1 shows a schematic representation of the 

toughening mechanism occurring in the ductile fracture.  The main crack propagated 

along the width of the specimen with microcracks forming directly in front of the main 

crack.  This mechanism typically occurs during strain hardening and can be compared to 

the plastic zone formed in front of the crack tip in other materials.  In metals, for 

example, the plastic zone absorbs and dissipates energy away from the main crack, which 

helps to slow down the growth of the crack.  This same mechanism is employed by bone 

when subjected to low amplitude stresses.  The microcracks increase the amount of 

energy necessary to propagate the crack and to fracture the bone. 
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Figure 5.1:  Schematic of microcracks occurring in front of the main crack tip. 

 

 

Extrinsic toughening mechanisms.  All of the specimens tested at the high 

amplitude of six fractured with a brittle break.  This type of break is typically 

accompanied by extrinsic toughening mechanisms seen in bone, such as crack bridging 

and void coalescence.  Both of these mechanisms were observed by SEM in the 

specimens that fractured with a brittle break, as seen in Figure 5.2.  Crack bridging occurs 

behind the crack tip and is utilized to keep the cracking material in a unified state for as 

long as possible.  Figure 5.2 (a) shows collagen-fibril bridging in which the collagen 

fibrils were pulled in tension.  The high elasticity of the collagen fibrils allowed for them 

to stretch a relatively large amount in an attempt to keep the crack closed.  Once the 

stress became too much, the collagen fibril broke and allowed the crack to propagate 

further.  Void coalescence occurs in the wake of the crack and acts to reduce the local 

stress intensity applied at the crack tip, which in turn toughens the material.  This can be 

Microcracks 

Main Crack 
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seen in Figure 5.2 (b) where two preexisting voids coalesced together in an attempt to 

absorb and dissipate energy away from the main crack. 

 

 

 
 

Figure 5.2:  SEM images of (a) collagen-fibril bridging and (b) void coalescence. 

 

 

Combination of toughening mechanisms.  The medium amplitude loading that 

resulted in a combination of both brittle and ductile fractures, also tended to display a 

combination of toughening mechanisms.  Vashnisth described the semi-contradictory 

Stretched collagen fibril 
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phenomenon of a specimen observed to have a brittle type fracture but resulted in a 

higher fatigue limit [82].  This can be explained by the extrinsic mechanisms working 

along with microdamage accumulating in the wake of the crack.  This microdamage 

absorbs and dissipates energy as seen in the ductile breaks, but is not able to slow down 

the crack propagation as much as if it were located in front of the crack tip.  If the 

microdamage had occurred in front of the crack tip as opposed to in the wake of the 

crack, a ductile fracture surface would have primarily been seen.  Figure 5.3 shows a 

schematic of an extrinsic toughening mechanism occurring in a specimen that resulted in 

a combination of ductile and brittle fractures.  As the main crack propagates, microcracks 

begin to occur in the wake of the crack.  These very small cracks form in the attempt to 

redistribute the stress applied on the main crack to try to prevent it from growing. 

 

 
 

Figure 5.3:  Schematic of microcracks occurring in the wake of the main crack. 
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Variable Amplitude Loading 

 

The cyclic amplitude tests run at a low amplitude of 3 and a high amplitude of 6 

both resulted in very repeatable tests with common fracture characteristics within each 

group.  The specimens run at the low amplitude all resulted in very high cycles to failure 

along with ductile fracture surfaces, while the specimens run at the high amplitude all 

resulted in very low cycles to failure along with brittle fracture surfaces.  However, the 

cyclic amplitude tests run at the medium amplitudes of 4 and 5 were more variable in 

their results.  The specimens tested at the amplitudes 4 and 5 resulted in brittle, ductile, 

and a combination of the two fracture types. 

The aim of this research project was to run variable amplitude tests that isolated 

the different toughening and failure mechanisms.  The low amplitude selected needed to 

be one that resulted in primarily ductile fractures.  The high amplitude selected needed to 

be one that resulted in primarily brittle fractures.  For this reason, a cycle pattern 

including only the amplitudes 3 and 6 was chosen to test whether the Palmgren-Miner 

rule could predict the failure of specimens undergoing two types of fracture mechanisms 

happening independently.  The cycle pattern consisted of 1,000 cycles at an amplitude of 

3, followed by 100 cycles at an amplitude of 6 repeated continuously until failure.  This 

ensured that the specimens were being subjected to intrinsic toughening mechanisms 

followed by extrinsic mechanisms. 

Using the Palmgren Miner rule to predict the number of cycles to failure under 

this cycle pattern, it was predicted that the bone would break around 63,780 cycles.  Most 

of the specimens, however, broke much sooner than the predicted endurance limit.  The 

fracture surfaces that were observed with these tests was a combination of both a brittle 
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and ductile fracture, the same combination observed in the specimens tested at a medium 

amplitude under the cycle amplitude loading.  This result was expected because the tests 

incorporated amplitudes that forced both of the types of toughening mechanisms to occur.  

Typically, in metals, an overload early in the test creates a large plastic zone in front of 

the crack tip, which slows the crack propagation and extends the endurance limit of the 

material [83]–[85].  The opposite was observed in bone.  The tests run in this study 

showed that this overload actually created more damage in the material and caused the 

crack to propagate more rapidly and the endurance limit to shorten. 

One of the specimens run under the variable amplitude broke in an extremely 

short amount of time (1,006 cycles).  This specimen broke in a different manner than the 

other six.  The fracture surface appeared to be more of a brittle break than a combination 

of the two (see Figure 4.7 and 4.15).  This may have been caused by a preexisting defect 

or if the specimen may have been taken from a part of the bone that was not as strong as 

the rest of the bone.  A second specimen tested under variable amplitudes resulted in an 

endurance limit much higher (61,556 cycles) than the remaining four specimens and 

displayed a ductile break (see Figure 4.5 and 4.16).  This indicated that the microstructure 

in that particular specimen had a significant effect on its toughness.  More crack 

deflection was clearly occurring and is indicated in the fracture pattern observed 

following failure of the specimen.  This outlier showed clear crack propagation and no 

sign of fast fracture seen in brittle breaks. 

All of the specimens broke during the high amplitude component of the variable 

amplitude forcing function.  This indicated that the specimens had accumulated too much 

damage to withstand the higher amplitude loading but not enough damage to fracture 
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during the lower amplitude loading.  The combination of fracture types was seen in the 

majority of the variable amplitude specimens, just as seen in the specimens run at the 

mid-range cyclic amplitudes.  The main crack propagated during the lower amplitude 

cycles, but once a critical level of damage had occurred, the specimens were not able to 

withstand the higher amplitude loading and therefore resulted in a fast brittle fracture on 

the rest of the undamaged bone. 

All but one of the variable amplitude specimens broke much earlier than 

predicted.  It was concluded that the Palmgren-Miner rule was not accurate enough to use 

for bone when isolating the two different toughening mechanisms. 

Zioupos and Casinos also found that the Palmgren-Miner rule was not adequate 

enough as a linear accumulation rule [67].  They discovered that when the cycle pattern 

used for variable amplitude loading went from all low amplitude cycles to all high 

amplitude cycles, the damage accumulated was less than that of the prediction.  They also 

found that when the amplitude pattern went from all high amplitude cycles to all low 

amplitude cycles, the damage accumulated was greater than that of the prediction and that 

damage is highly dependent upon stress level and stress history.  However, in their study, 

the deviations from the prediction found were not explained in terms of dynamics and the 

fracture mechanisms taking place.  The intrinsic and extrinsic toughening mechanisms 

were not necessarily isolated.  Figure 5.4 shows micro-strain versus endurance limits for 

the specimens tested under cyclic amplitude loading for both the Zioupos and Casinos 

study and the current study. 
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Figure 5.4:  Endurance limits of specimens run under variable amplitude loading 

dependent upon their original micro-strain levels from (a) the Zioupos and Casinos study 

[67], and (b) the current study. 

 

 

Zioupos and Casinos applied strain levels in their tests that ranged between 5,000 

and 10,000 με.  The current study applied microstrains in this range, but went a step 

further and applied strains lower that 5,000 με.  The brittle fracture regime began to take 

(a) 

(b) 
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effect around 9,000 με, the combination regime was around 6,000 to 7,000 με, and the 

ductile regime was less than 5,000 με.  This indicated that Zioupos and Casinos were 

solely testing in the brittle and combination regimes.  They observed a different pattern of 

behavior that did not incorporate the ductile regime, and therefore were not isolating the 

two extreme fracture mechanisms, ductile and brittle. 

In the current study, not only were both of the toughening mechanisms isolated, 

but the cycle pattern incorporated a true mixing of the failure mechanisms.  This was 

important to test the limits of the Palmgren-Miner rule in order to determine if it was able 

to not only predict the endurance limit if the two mechanisms were incorporated but if 

they were truly mixed throughout the entire test.  This was done by designing the pattern 

to mix the amplitudes by repeating the low to high cycle pattern continuously, as opposed 

to applying all of the low amplitude cycles followed by all of the high amplitude cycles, 

as in the Zioupos and Casinos study.  Most of the variable amplitude specimens 

accumulated less damage at failure than the hypothesis predicted.  Therefore, when bone 

is subjected to tests that introduce the isolation of both intrinsic and extrinsic toughening 

mechanisms, a more sophisticated prediction method is necessary.  These extensive 

testing producers require a fatigue life prediction that considers the intrinsic and extrinsic 

mechanisms’ dynamic properties. 

 

Conclusions 

 

From the results of this pilot study, it is clear that bone displayed three different 

fracture types: brittle, ductile, and a combination of the two.  The amplitude of stress 

applied to the bone specimen is a key variable in determining the type of fracture that will 

occur.  Lower amplitudes that applied an original micro-strain of 5,000 or lower resulted 
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in a ductile fracture and very high cycles to failure.  Higher amplitudes that applied an 

original micro-strain of 9,000 or higher resulted in a brittle fracture and very low cycles 

to failure.  These fracture classifications, both brittle and ductile, are typically 

accompanied by a certain type of toughening mechanism.  Brittle fractures are associated 

with extrinsic toughening mechanisms that occur behind or in the wake of the crack.  

Ductile fractures are associated with intrinsic toughening mechanisms that occur in front 

of the main crack.  The combined results of the cyclic amplitude loading tests showed a 

nonlinear trend.  The results did not disprove that the Palmgren-Miner rule works when 

testing in only one fracture regime.  However, when using these two isolated fracture 

mechanisms in the same test to fatigue bone, the number of cycles to failure cannot be 

predicted using a linear damage accumulation hypothesis, such as the Palmgren-Miner 

rule. 

 

Future Work 

 

Now that we have shown that two different fracture mechanisms can be isolated 

in bone, we want to develop a sophisticated analysis technique that can be generally 

applicable and thus account for individual fracture mechanisms.  The next steps in this 

study will be to incorporate non-linear dynamics by introducing chaos into the testing of 

the fatigue of bone to better predict failure.  Not only will this more closely define the 

dynamics of the material, but it will also better simulate the stresses and strains that bones 

undergo in everyday activity. 
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APPENDIX A 

 

LabVIEW Front Panels and Block Diagrams 

 

 

Strain Acquisition 
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Cyclic Wave Generation 
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Variable Wave Generation 
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Keyence Profile Acquisition 
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APPENDIX B 

 

Data Sheet 
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APPENDIX C 

 

MATLAB Code 

 

 

Resonant Frequency 
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Cycle Counting 
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Palmgren-Miner Prediction 
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Calculating Strain 
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APPENDIX D 

 

Statistical Analysis 

 

 

SAS Code 

 
PROC IMPORT OUT= WORK.one  

            DATAFILE= "P:\BiomedicalResearch2014\Abbey's 

Thesis\AbbeyAno 

vaData.txt"  

            DBMS=TAB REPLACE; 

     GETNAMES=YES; 

     DATAROW=2;  

RUN; 

 

data two; set one; 

if amp ne 99; 

  

**perform anova on CAL tests; 

proc glm data=two; 

class amp; 

model cycles=amp; 

means amp / tukey lines alpha=0.05; 

title 'CAL tests';  

run; 

 

data three; set one; 

if amp = 4 or amp = 5 then delete; 

  

proc glm data=three; 

class amp; 

model cycles=amp; 

means amp / tukey lines alpha=0.05; 

title 'VAL tests'; 

 

proc glm data=three; 

class surface; 

model cycles=surface; 

means surface / tukey lines alpha=0.05; 

run; 
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SAS Output 

 
CAL tests       13:51 Wednesday, December 16, 2015   1 

 

                                        The GLM Procedure 

 

                                     Class Level Information 

 

                                 Class         Levels    Values 

 

                                 amp                4    3 4 5 6 

 

 

                             Number of Observations Read          14 

                             Number of Observations Used          14 
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CAL tests       13:51 Wednesday, December 16, 2015   2 

 

                                        The GLM Procedure 

 

                                  Dependent Variable: cycles 

 

                                               Sum of 

       Source                      DF         Squares     Mean Square    F Value    Pr > 

F 

 

       Model                        3     36904410089     12301470030      58.54    

<.0001 

 

       Error                       10      2101288692       210128869 

 

       Corrected Total             13     39005698781 

 

 

                       R-Square     Coeff Var      Root MSE    cycles Mean 

 

                       0.946129      24.45800      14495.82       59268.22 

 

 

       Source                      DF       Type I SS     Mean Square    F Value    Pr > 

F 

 

       amp                          3     36904410089     12301470030      58.54    

<.0001 

 

 

       Source                      DF     Type III SS     Mean Square    F Value    Pr > 

F 

 

       amp                          3     36904410089     12301470030      58.54    

<.0001 
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CAL tests       13:51 Wednesday, December 16, 2015   3 

 

                                        The GLM Procedure 

 

                         Tukey's Studentized Range (HSD) Test for cycles 

 

NOTE: This test controls the Type I experimentwise error rate, but it generally has a 

higher Type 

                                    II error rate than REGWQ. 

 

 

                           Alpha                                   0.05 

                           Error Degrees of Freedom                  10 

                           Error Mean Square                   2.1013E8 

                           Critical Value of Studentized Range  4.32652 

                           Minimum Significant Difference         33871 

                           Harmonic Mean of Cell Sizes         3.428571 

 

                                 NOTE: Cell sizes are not equal. 

 

 

                   Means with the same letter are not significantly different. 

 

 

                     Tukey Grouping          Mean      N    amp 

 

                                  A        138021      4    3 

 

                                  B         42834      3    4 

                                  B 

                                  B         36431      3    5 

                                  B 

                                  B          9970      4    6 

  



 

108 

 

VAL tests       13:51 Wednesday, December 16, 2015   4 

 

                                        The GLM Procedure 

 

                                     Class Level Information 

 

                                 Class         Levels    Values 

 

                                 amp                3    3 6 99 

 

 

                             Number of Observations Read          14 

                             Number of Observations Used          14 
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VAL tests       13:51 Wednesday, December 16, 2015   5 

 

                                        The GLM Procedure 

 

                                  Dependent Variable: cycles 

 

                                               Sum of 

       Source                      DF         Squares     Mean Square    F Value    Pr > 

F 

 

       Model                        2     41893239470     20946619735      60.06    

<.0001 

 

       Error                       11      3836348760       348758978 

 

       Corrected Total             13     45729588230 

 

 

                       R-Square     Coeff Var      Root MSE    cycles Mean 

 

                       0.916108      35.97087      18675.09       51917.26 

 

 

       Source                      DF       Type I SS     Mean Square    F Value    Pr > 

F 

 

       amp                          2     41893239470     20946619735      60.06    

<.0001 

 

 

       Source                      DF     Type III SS     Mean Square    F Value    Pr > 

F 

 

       amp                          2     41893239470     20946619735      60.06    

<.0001 
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VAL tests       13:51 Wednesday, December 16, 2015   6 

 

                                        The GLM Procedure 

 

                         Tukey's Studentized Range (HSD) Test for cycles 

 

NOTE: This test controls the Type I experimentwise error rate, but it generally has a 

higher Type 

                                    II error rate than REGWQ. 

 

 

                           Alpha                                   0.05 

                           Error Degrees of Freedom                  11 

                           Error Mean Square                   3.4876E8 

                           Critical Value of Studentized Range  3.81958 

                           Minimum Significant Difference         33626 

                           Harmonic Mean of Cell Sizes              4.5 

 

                                 NOTE: Cell sizes are not equal. 

 

 

                   Means with the same letter are not significantly different. 

 

 

                     Tukey Grouping          Mean      N    amp 

 

                                  A        138021      4    3 

 

                                  B         22480      6    99 

                                  B 

                                  B          9970      4    6 
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VAL tests       13:51 Wednesday, December 16, 2015   7 

 

                                        The GLM Procedure 

 

                                     Class Level Information 

 

                                 Class         Levels    Values 

 

                                 surface            3    b d db 

 

 

                             Number of Observations Read          14 

                             Number of Observations Used          14 
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VAL tests       13:51 Wednesday, December 16, 2015   8 

 

                                        The GLM Procedure 

 

                                  Dependent Variable: cycles 

 

                                               Sum of 

       Source                      DF         Squares     Mean Square    F Value    Pr > 

F 

 

       Model                        2     39129410610     19564705305      32.61    

<.0001 

 

       Error                       11      6600177620       600016147 

 

       Corrected Total             13     45729588230 

 

 

                       R-Square     Coeff Var      Root MSE    cycles Mean 

 

                       0.855669      47.18127      24495.23       51917.26 

 

 

       Source                      DF       Type I SS     Mean Square    F Value    Pr > 

F 

 

       surface                      2     39129410610     19564705305      32.61    

<.0001 

 

 

       Source                      DF     Type III SS     Mean Square    F Value    Pr > 

F 

 

       surface                      2     39129410610     19564705305      32.61    

<.0001 
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VAL tests       13:51 Wednesday, December 16, 2015   9 

 

                               The GLM Procedure 

 

                         Tukey's Studentized Range (HSD) Test for cycles 

 

NOTE: This test controls the Type I experimentwise error rate, but it generally has a 

higher Type 

                                    II error rate than REGWQ. 

 

 

                           Alpha                                   0.05 

                           Error Degrees of Freedom                  11 

                           Error Mean Square                   6.0002E8 

                           Critical Value of Studentized Range  3.81958 

                           Minimum Significant Difference         43550 

                           Harmonic Mean of Cell Sizes         4.615385 

 

                                 NOTE: Cell sizes are not equal. 

 

 

                   Means with the same letter are not significantly different. 

 

 

                   Tukey Grouping          Mean      N    surface 

 

                                A        122728      5    d 

 

                                B         15982      5    db 

                                B 

                                B          8323      4    b 
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APPENDIX E 

 

CAD Drawings 

 

 

Shaker Attachment 

 

  



 

115 

 

Roller Holder 
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C-Arm/Shaker Attachment Fastener 
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Top of C-Arm 
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Middle of C-Arm 
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Bottom of C-Arm 
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Fastener Cap 
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APPENDIX F 

 

Shaker Specifications 
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Amplifier Specifications 
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APPENDIX G 

 

Laser Specifications 

 

 
Model LJ-V7300 

Light source Type Blue semiconductor laser 

Wavelength 405 nm (visible beam) 

Laser class Class 2 Laser Product 

(IEC60825-1, FDA(CDRH) Part 1040.10
*1

) 

Output 4.8 mW 

Measuring range Z-axis (Height) ±145 mm 5.71" 

(F.S.=290 mm 11.42") 

X-axis 

(Width) 

Near 110 mm 4.33" 

Reference 

distance 

180 mm 7.09" 

Far 240 mm 9.45" 

Repeatability Z-axis (Height) 5 µm 0.000197" 

X-axis (Width) 60 µm 0.002363" 

Profile data 

interval 

300 µm 0.012" 

Linearity Z-axis (Height) ±0.05 to
*2

 

±0.15% of F.S. 

Mounting conditions Diffuse reflection 

Reference distance 300 mm 11.81" 

Spot shape (at reference distance) Approx 240 mm x 610 µm 9.45" x 0.024016" 

Sampling cycle (trigger interval) Top speed: 16 µs (high-speed mode) 

Top speed: 32 µs (advanced function mode) 

Temperature characteristics 0.01% of F.S./°C 

Enclosure rating IP67 (IEC60529) 

Environmental 

resistance 

Operating 

ambientluminance 

Incandescent lamp: 10000 lux max 

Operating temperature 

range 

0 to +45°C 32 to 113°F 

Operating ambient 

humidity 

20 to 85% RH (No condensation) 

Shock resistance 15 G/6 msec 

Vibration 10 to 57 Hz, 1.5 mm 0.06" double amplitude 

in X, Y, and Z directions, 3 hours respectively 

Material Aluminum 

Weight Approx 1000 g 
*1

 The laser classification for FDA(CDRH) is implemented based on IEC60825-1 in accordance 

with the requirements of Laser Notice No. 50. 
*2

 The linearity will differ depending on the measurement area. 
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APPENDIX H 

 

Fracture Surface Images 

 

 

Cyclic Amplitude Specimens 

 

Femur 

 

 

 
 

Figure A.1:  Specimen 1 at an amplitude of 3. 

 

 

 

 
 

Figure A.2:  Specimen 2 at an amplitude of 3. 
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Figure A.3:  Specimen 3 at an amplitude of 3. 

 

 

 

 
 

Figure A.4:  Specimen 4 at an amplitude of 3. 

 

 

 

 
 

Figure A.5:  Specimen 1 at an amplitude of 4. 
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Figure A.6:  Specimen 2 at an amplitude of 4. 

 

 

 

 
 

Figure A.7:  Specimen 3 at an amplitude of 4. 

 

 

 

 
 

Figure A.8:  Specimen 1 at an amplitude of 5. 
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Figure A.9:  Specimen 2 at an amplitude of 5. 

 

 

 

 
 

Figure A.10:  Specimen 3 at an amplitude of 5. 

 

 

 

 
 

Figure A.11:  Specimen 1 at an amplitude of 6. 

 

 

 



 

131 

 

 

 
 

Figure A.12:  Specimen 2 at an amplitude of 6. 

 

 

 

 
 

Figure A.13:  Specimen 3 at an amplitude of 6. 

 

 

 

 
 

Figure A.14:  Specimen 4 at an amplitude of 6. 
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Tibia 

 

 

 
 

Figure A.15:  Specimen 1 at an amplitude of 4. 

 

 

 

 
 

Figure A.16:  Specimen 2 at an amplitude of 4. 

 

 

 

 
 

Figure A.17:  Specimen 3 at an amplitude of 4. 
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Figure A.18:  Specimen 1 at an amplitude of 5. 

 

 

 

 
 

Figure A.19:  Specimen 2 at an amplitude of 5. 

 

 

 

 
 

Figure A.20:  Specimen 3 at an amplitude of 5. 
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Figure A.21:  Specimen 1 at an amplitude of 6. 

 

 

 

 
 

Figure A.22:  Specimen 2 at an amplitude of 6. 

 

 

 

 
 

Figure A.23:  Specimen 3 at an amplitude of 6. 
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Variable Amplitude Specimens 

 

 

 
 

Figure A.24:  Specimen 1 of pattern 1. 

 

 

 

 
 

Figure A.25:  Specimen 2 of pattern 1. 

 

 

 

 
 

Figure A.26:  Specimen 3 of pattern 1. 
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Figure A.27:  Specimen 1 of pattern 2. 

 

 

 

 
 

Figure A.28:  Specimen 2 of pattern 2. 

 

 

 

 
 

Figure A.29:  Specimen 3 of pattern 2. 
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Figure A.30:  Specimen 4 of pattern 2. 

 

 

 

 
 

Figure A.31:  Specimen 1 of pattern 3. 

 

 

 

 
 

Figure A.32:  Specimen 2 of pattern 3. 
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Figure A.33:  Specimen 3 of pattern 3. 

 

 

 

 
 

Figure A.34:  Specimen 4 of pattern 3. 

 

 

 

 
 

Figure A.35:  Specimen 5 of pattern 3. 
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Figure A.36:  Specimen 6 of pattern 3. 
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APPENDIX I 

 

Bill of Materials 

 

 

 

Division of Work/Machine Name of Item Company Purchased From Location

Bovine bone-4 Femurs Animbal Technologies Tyler, TX

Bandsaw Craftsman

IsoMet 1000 Precision Saw Buehler

114276 : IsoMet Wafering Blades - 15 LC, 6 X 0.020 in Buehler

106001: Cool 3 Buehler

Ziploc bags (gallon) N/A

File for notches Lowes

13" Drill press-11/64" bit Central Machinery

SP6001 : Scout Pro Digital Scale Ohaus Corporation

7 Campus Drive, Suite 310, 

Parsippany, NJ 07054

Aluminum Plate (Spacer); 5" x 1/2" x 1/8" Weldable 

Flat Bar

Lowes

Magnetic Plates (2); 9 1/4" x 1/2" x 1/8" Weldable Flat 

Bar

Lowes

Attachment Piece to Shaker; Multipurpose 6061 

Aluminum Alloy; Rectangular Bar, 1/8" x 2-1/2", 6" Long McMaster-Carr
6100 Fulton Industrial Blvd. SW, Atlanta, 

GA 30336-2853

Cam Followers (2)- 3/4" diameter MSC Industrial Suppy Co. 75 Maxess Road, Melville, NY
Bottom Arm; Multipurpose 6061 Aluminum Alloy; Tube, 

1/8" Wall Thickness, 1" x 1-1/2", 1' Length McMaster-Carr

Top Arm & Fastener Cap, Vertical Bar, Attachment 

Piece to Cams; Multipurpose 6061 Aluminum Alloy; 

1" Thick, 1-1/2" Width, 3' Length McMaster-Carr

Nexus Vibration Isolation Table Thorlabs 56 Sparta Ave., Newton, NJ 07860

Base Plate-Aluminum 1/2" Thick, 5" Width, 4" Length N/A

Beam-Aluminum 3/4" Diameter, 16-1/2" Length N/A

Stage-Aluminum 1" Thick, 6-3/4" Width, 5-1/2" 

Length N/A

VTS-100 Vibration Test Systems, Inc.

VTS blower Vibration Test Systems, Inc.

VTS shaker-blower hose Vibration Test Systems, Inc.

Laser vibrometer: LJ-V7300 Keyence

Laser vibrometer: DC24V Power source Keyence

Laser vibrometer: Controller Keyence

Laser vibrometer: Head cable Keyence

2002 XTiSeries Amplifier Crown Audio

1718 W. Mishawaka Road, Elkhart, IN 

46517

9205 32-Channel +/-10 V, 250 kS/s, 16-Bit Analog 

Input Module National Instruments Corporation

NI 9201 Screw Terminal, +/- 10 V, 12-Bit, 500 KS/S , 8-CH, AI C Series ModuleNational Instruments Corporation

9263 Screw Terminal, +/-10V, 16-Bit, 100 bS/s/ch, 4-

ch, Simult AO C Series Module National Instruments Corporation

cDAQ-9174, CompactDAQ chassis (4 slot USB) National Instruments Corporation

Power Cord, AC, US, 120 VAC, 2.3 meters National Instruments Corporation

10246 Clipper Cove, Aurora, OH 44202

1100 North Arlington Heights Road, 

Suite210, Itasca, IL 60143

6100 Fulton Industrial Blvd. SW, Atlanta, 

GA 30336-2853

41 Waukegan Road, Lake Bluff, Illinois 

60044

11500 N Mopac Expwy, Austin, TX 

78759-3504

Specimens and prep

Machine - Pendulum Assembly 

Machine - Laser Stand

Machine-linear guide, shaker, 

blower, laser vibrometer, 

amplifier

Electrical - DAQ Related
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Black felt JoAnns Fabric

Black thread JoAnns Fabric

Velcro JoAnns Fabric

Fabric glue JoAnns Fabric

XE25W3 : Quick corner cube for 25 mm Rails Thorlabs, Inc. 

XE25A90 : Right-Angle Bracket for 25 mm Rails Thorlabs, Inc. 

SH25LP38 : 1/4"-20 Low-Profile Channel Screws (100 Screws/Box)Thorlabs, Inc. 

XE25T1 : Drop-In T-Nut, 1/4"-20 Tapped Hole, Qty: 10 Thorlabs, Inc. 

XE25L48 : 25 mm Construction Rail, L = 48" Thorlabs, Inc. 

XE25L24 : 25 mm Construction Rail, L = 24" Thorlabs, Inc. 

XE25L28 : 25 mm Construction Rail, L = 28" Thorlabs, Inc. 

Round-Head Machine Screw Phillips (4) #10-32 x 3/4" N/A
Round-Head Combo Machine Screw (2) #10-24 tpi x 1" Home Depot

Socket Head Cap Screw (22) 1/4" - 20 tpi x 1" N/A

Hex head bolts (3) Keyence 1100 North Arlington Heights Road, 

Suite210, Itasca, IL 60143

56 Sparta Ave., Newton, NJ 07860

4633 Jack Kultgen Fwy #104, Waco, TX 

76706

Black box

Fasteners
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