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Abstract 

Understanding the effect of microdamage accumulation on the failure mechanisms of bone is important 

for treatment and prevention in degenerative diseases such as osteoporosis. The common sites of fracture 

in osteoporotic patients – arm, vertebra, hip – have large proportions of trabecular bone, which make 

them of particular interest. Degenerative bone diseases disrupt bone’s natural remodeling ability, meaning 

the microdamage which is normally repaired begins to accumulate, increasing a patient’s risk of fracture.  

The current study aims to investigate the effect of microdamage accumulation on subsequent monotonic 

tests-to-failure using cored bovine trabecular bone samples. Various levels of microdamage were induced 

via pre-determined quantities of compressive fatigue loading on cored samples, which were subsequently 

tested in a uniaxial, compressive, test-to-failure. A parabolic relationship was found in the yield strain 

(from the test-to-failure) plotted against the reduction in modulus from fatigue loading, as well as in the 

normalized yield stress (from the test-to-failure) plotted against the reduction in modulus from fatigue 

loading. These results support the hypothesis that increases in yield strain at low quantities of fatigue-

induced damage could be attributed to a microdamage stress relieving mechanism in which small 

microdamage sites nucleate rather than growing larger sites. The results are indicative that a critical 

amount of this proposed mechanism exists, after which point further microdamage accumulation becomes 

detrimental to the mechanical properties obtained in subsequent compressive testing-to-failure. Once this 

critical amount of fatigue-induced damage is induced, a significant decrease in the subsequent yield strain 

is noted representing the growth and coalescence of few, large microdamage sites that become 

responsible for yielding in the test-to-failure.  

X-ray micro-computed tomography was used in an attempt to characterize damage propagation during 

post-yield loading of select trabecular bone samples during monotonic failure testing. Qualitative three-

dimensional imaging suggests that two distinct damage propagation types may exist: the first appearing to 

originate from the centre of trabeculae, while the second appears to originate from trabecular surfaces.  
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Chapter 1 

Introduction 

1.1 Motivation 

1.1.1 Medical and Economical Importance 

Characterization and mechanical testing of bone as a structural material has been an increasing area of 

research, notably since the early 1970s [1]. Improved knowledge of how the material behaves upon 

loading, remodelling, and failure is essential in order to further investigate and reduce the risk of 

degenerative bone diseases such as osteoporosis. Such degenerative bone diseases, notably in the elderly 

population and specifically in postmenopausal women, cause severe increased safety risks upon falling 

and impact. The associated annual costs pertaining to osteoporosis have been estimated at $1.3 billion in 

Canada in 1993. It is estimated that hip fractures alone will cause an economic burden of approximately 

$2.4 billion in Canada by 2041 [2]. While this issue poses a major concern economically, it has more 

drastic consequences with regards to quality of life.  

1.1.2 Current Diagnosis Method: BMD and T-score 

The current method of treating and diagnosing patients uses a bone mineral density (BMD) measurement, 

which is most commonly measured using dual-energy X-ray absorptiometry (DXA) [3]. Once a patient’s 

BMD is determined, it can be compared to that of a healthy individual, using what is known as a T-score, 

based on the number of standard deviations that separate the patient’s BMD from a normal distribution of 

a healthy adult reference, given by: 

                  𝑇 − 𝑠𝑐𝑜𝑟𝑒 =
𝐵𝑀𝐷−𝐵𝑀𝐷𝑌𝑁

𝑆𝐷
.                     (1) 

where BMDYN is the value representing the BMD of a 30-year-old young adult [4] and SD represents the 

standard deviation of the healthy population.  
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Based on the results of the BMD test, the patient is categorized as either normal (T-score ≥ -1), 

osteopenic/low bone mass (-2.5 < T-score < -1), or osteoporotic (T-score ≤ -2.5). Severe osteoporosis 

describes a patient with a T-score ≤ -2.5 who has also sustained a fragility fracture. 

1.1.3 Prevention and Treatment  

Prevention and treatment of osteoporosis currently involves the fundamental approach of increasing BMD 

through calcium and vitamin D consumption [3]. A more direct and severe treatment given to patients 

with osteoporosis is bisphosphonate treatment, in which an attempt is made to impede bone resorption, 

thus diminishing the decrease of BMD. Although the BMD approach towards detecting, preventing and 

treating diseases such as osteoporosis improves the patient’s current state of BMD, it does not provide a 

definitive solution to the issue of increased fracture risk in osteoporotic patients. Further research with 

regards to the bone’s quality and fracture behaviour must be investigated to obtain a more thorough 

knowledge of a patient’s susceptibility to fracture and to develop novel prevention methods and 

treatments. 

1.2 Bone Quality and Fatigue Damage 

Since the 1970’s, research pertaining to trabecular bone has been particularly focused on bone quantity 

[5], since the amount of tissue is a strong predictor of strength. However, a recent shift towards using 

bone quality analysis to better understand degenerative bone diseases has been prevalent in the past 10-15 

years [6]. Bone quality can be described as the study of bone’s microarchitecture, composition, and 

microdamage [7]. Specific to the current study is the effect of fatigue loading (i.e. damage) on bone 

quality. Fatigue loading is studied in great depth to better understand how daily activities such as walking 

or running can affect damage accumulation in trabecular bone tissue in an individual. With improvements 

in characterization techniques, it has been of interest to qualitatively and quantitatively understand the 

effect that fatigue loading has on bone quality, and by extension the trabecular bone’s mechanical 

behaviour. It is of specific interest to study the accumulation of damage from fatigue loading – something 
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that is normally healed via bone’s natural remodeling process but becomes a significant issue when bone 

remodeling is altered as a function of degenerative diseases.   

1.3 Research Objectives 

The current study aims to investigate the effect of damage on the fracture behaviour in trabecular bone. 

Specifically, a novel mechanical testing procedure was used to provide a contribution to the current 

research literature regarding the yield behaviour of trabecular bone after various amounts of fatigue-

induced damage.    

The current study involves a specific mechanical testing protocol applied to cored cylindrical specimens 

of bovine trabecular bone involving two main steps:   

1) A compressive fatigue loading test using a triangular waveform loading pattern on each cored 

sample. The amount of fatigue loading varies between tests, establishing various quantities of 

fatigue-induced damage. 

2) A monotonic, uniaxial, compressive test-to-failure immediately following the fatigue loading.  

Using X-ray micro computed tomography (XµCT) as an imaging technique and examining the stress-

strain behaviour of the monotonic compressive tests, relationships between the quantity of fatigue-

induced damage and yield behaviour could be established and validated with the current literature. These 

results will increase our understanding of the mechanical consequences of fatigue-induced damage in 

trabecular bone. From a clinical standpoint, such an understanding is particularly relevant in elderly or 

diseased populations where reduced bone remodelling rates allow microdamage, in the form of 

microcracks, to accumulate and propagate more easily. 

The organization of this thesis is as follows: 
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• Chapter 2: A literature review of existing studies specific to trabecular bone research. Previous 

work including bone quality, characterization, microdamage, and mechanical testing of trabecular 

bone is explored. 

• Chapter 3: Experimental methods from sample preparation to post-testing analysis are described. 

• Chapter 4: The results of the current study are presented. 

• Chapter 5: A discussion of the results, including relevance to existing research literature. 

• Chapter 6: Conclusions are drawn from the results and discussion. Recommendations towards 

improvements of the current study are presented.    
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Chapter 2  

Literature Review 

2.1 Bone Structure 

2.1.1 Introduction to trabecular bone structure 

Bone is a composite material consisting primarily of a hydroxyapatite crystals, collagen molecules, and 

water [8]. As shown in Figure 1, bone has a hierarchical structure that begins on the order of centimeters 

and can be analyzed to the nanometer scale.  

 

Figure 1: Hierarchical structure of bone across a variety of length scales [9]. 

The macrostructure of bone can be subdivided into two categories: trabecular - otherwise known as 

cancellous bone - and cortical (or compact) bone. Trabecular bone is found at the end of long bones and 
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in the sternum, pelvis, and spine [10]. Due to the porous nature of trabecular bone, it can be classified as a 

composite, anisotropic, open porous cellular solid from a materials science and engineering standpoint.    

 

Figure 2: Scanning electron micrograph of trabecular bone from the femoral head [11].  

As seen in Figure 2, trabecular bone is a network of plate and rod-like structures called trabeculae, while 

the pores contain bone marrow. The architecture of the individual trabeculae is of interest as they are 

optimally oriented in the direction of which the mechanical loading is greatest, comparable to a truss 

structure [10]. For this reason, trabecular bone is a highly anisotropic material. As shown in Figure 3, one 

length scale further into the hierarchical structure of trabecular bone reveals a structure in which lamellar 

groupings of bone are present [10]. These lamellae are composed of collagen fibrils, which are 

nanometers in length, and consist of a hydroxyapatite mineral phase dispersed within the collagen 

molecules [12].  
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Figure 3: Hierarchical structure of trabecular bone to the nanoscale, showing the most basic units of trabecular bone: mineral 

particles dispersed within collagen molecules [12] 

2.1.2 Variation in mechanical properties 

The mechanical properties of trabecular bone vary between studies due to the heterogeneous nature of the 

material. Heterogeneity in trabecular bone can be described by bone volume fraction, trabecular 

architecture, and tissue properties. These parameters will vary at multiple length scales: within the same 

anatomical site, between anatomical sites of the same species, and between species [10]. Furthermore, as 

previously stated, trabecular bone is highly anisotropic, meaning a change in loading direction will yield 

different material properties. Heterogeneity in trabecular bone has been found to occur even at the single 
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trabecula scale, as variance in hydroxyapatite mineral distribution can produce an effect on the 

mechanical properties [13].    

2.1.3 Bone Quality  

Current trabecular bone research is largely motivated by the interest in aiding with bone degradation 

diseases such as osteoporosis [14], bone fracture, and implant-related issues [10]. A trend in the research 

literature over the past 10-15 years [6] has been to gain a better understanding of bone quality: the 

microarchitecture, composition, and microdamage. Although research of bone mechanics has existed for 

over 50 years [5], there has been a recent focus on bone quality as an important factor for degenerative 

bone disease [6]. While degenerative bone diseases such as osteoporosis involve loss of bone mass, the 

current treatment of simply increasing bone density is not an optimal solution. In order to further decrease 

osteoporotic fracture risk a better understanding of bone quality is required.      

2.1.4 Bone Remodeling 

One important characteristic of both trabecular and cortical bone is its natural ability to remodel. Bone 

remodeling is the process by which older tissue is removed and new tissue is created.  Specifically, cells 

known as osteoclasts absorb tissue from bone surfaces, and subsequently other cells called osteoblasts 

create a new collagen matrix that mineralizes over time [7][15].  

One benefit of the remodelling process is that in removing tissue, it also removes any microdamage that 

has accumulated in that tissue. An imbalance of osteoclast and osteoblast activity can occur in elderly or 

diseased populations such that existing tissue is removed but less new material is created. [14]. This 

imbalance in resorption and formation results in reduced bone mass but also in increased microdamage in 

the remaining tissue [16]. In relation to the current study, it is important to understand the effects of 

microdamage accumulation for this reason: microdamage accumulates in patients with degenerative bone 

diseases and cannot be properly repaired.  
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2.2 Characterization 

2.2.1 Current Characterization Methods 

An important consideration in this study was to properly characterize the cored trabecular bone to allow 

for qualitative monitoring of damage during loading. Historically, geometric characterization of 

trabecular and cortical bone has been completed using histomorphometry, scanning electron microscopy 

(SEM), optical microscopy, laser confocal scanning microscopy, and atomic force microscopy (AFM) [9]. 

More recently, X-ray micro-computed tomography (XµCT) and serial milling have been used to provide 

high-resolution images in three-dimensions (3D).   

One essential requirement of a geometric characterization method, if it is to be used during mechanical 

testing, is that it must be non-destructive. Despite the high resolution possible in many of the 

aforementioned characterization techniques, this limitation eliminates many of them from consideration. 

Histomorphometry, optical microscopy, laser confocal scanning microscopy and serial milling all require 

destructive sample preparation. AFM can also be considered destructive when characterizing trabecular 

and cortical bone samples. Used primarily to examine surfaces, AFM uses a cantilever beam that passes 

over the sample and its deflections are measured via electrical signals [9]. The limitation to surface 

measurements make AFM unsuitable for characterizing a large trabecular network. 

XµCT is a non-destructive characterization method that requires limited sample modification or 

preparation. For example, in contrast to XµCT, SEM requires that the sample be coated with a conducting 

material [9]. Despite the limitation of a lower resolution in comparison to SEM [17], XµCT allows for a 

more complete 3D image of the cored sample. This is particularly useful when analyzing the 

microarchitecture or spatial orientation and behaviour of the trabecular bone sample [9]. Additionally, the 

use of XµCT has been proven to have the ability to image microdamage in trabecular and cortical bone 

[9] [18] [19] [20] [21].     



10 

 

2.2.2 X-ray Tomography  

XµCT reconstructs a 3D volumetric image from a series of 2-dimensional (2D) X-ray images of a sample, 

each taken at a slightly different rotational orientation [22]. X-rays consisting of a range of energies are 

emitted from the source (a tungsten source excited by an electron beam) towards the sample. The number 

of photons that pass through the sample material is dependent on the path of the photons and the material 

properties (density and atomic energy). Specifically, as indicated by the Beer-Lambert law, the X-ray 

attenuation by the sample is proportional to 
𝑍4

𝐸3 , where 𝑍 is the atomic number of the constituent element 

of the material in the sample, and 𝐸 is the energy of incident photons [23]. 

Based on this relationship, it can be determined that the lower the X-ray energy, the higher the probability 

of X-ray attenuation to the material. Materials with higher density will allow a lower quantity of X-rays to 

pass through the sample. 

After passing through the material, the X-rays pass through a scintillator screen which converts the input 

wavelength into a wavelength within the visible light spectrum. The X-ray can then travel through the 

magnification lens to the charge-coupled device (CCD) detector [23][7]. A simplified diagram of the 

XµCT process can be seen in Figure 4. The 2D images from the CCD are then reconstructed to form the 

3-dimensional (3D) volume. 
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Figure 4: Simplified overview of the XµCT process [7]. 

In the recent literature, XµCT has been used primarily as a method of characterizing trabecular 

microarchitecture [12][6][24]; however, it has also been used as a method of determining degree of 

mineralization in trabecular bone samples at high resolutions [13][25][26]. Finally, with the use of 

staining agents such as uranyl acetate and barium sulfate, microdamage can be observed via XµCT 

[9][18][19][21]. 

2.3 Microdamage in Trabecular Bone  

2.3.1 Microdamage in trabecular bone as a composite material 

Trabecular bone, being a composite material, follows similar patterns as other composite materials from a 

fracture mechanics or crack propagation perspective. Specifically, crack initiation in trabecular bone is 

not difficult, whereas the propagation of the crack is difficult (provided the tissue is healthy) [27]. Similar 

to other composite materials, this is due to toughening mechanisms that occur as a result of the interfaces 

and interaction of multiple phases present within trabecular bone.     
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2.3.2 Types of microdamage in trabecular bone 

Microdamage in trabecular bone exists in two different classifications: microcracks and diffuse damage. 

Microcracking can be described as cracks of length 50-100 µm that are a result of high-cycle fatigue 

loading [27] and have been found to occur from basic activities such as running and walking. The 

majority of this type of microdamage is found in interstitial bone and propagates preferentially in the 

direction of collagen fibers. Since interstitial bone is typically found in the centre of trabeculae [28], it 

follows that microcracks, or larger microdamage, would be correlated to locations closer to the centre of 

the trabecula’s cross-section [29]. It has been found that fatigue microdamage development is related to 

the age of the tissue, and therefore preferentially initiates in this older interstitial bone. It has also been 

determined that fatigue-induced microdamage does not preferentially form in locations of remodeling 

sites or at trabecular surfaces [29], [30]. Further studies completed in an effort to quantify the distribution 

and location of microdamage in trabecular bone confirm that microdamage accumulation from fatigue 

loading typically initiates at the center of trabecular rods and struts [29][30][31]. 

Microcracks can occur in a linear or cross-hatched pattern [32]; the latter suggests evidence that 

microcracks are a result of shear stress [33].  An example of this cross-hatching pattern compared to the 

linear pattern can be seen in Figure 5. Note the test in question is a uniaxial compression test of bovine 

trabecular bone from the proximal tibia from Moore et al. [33].  

 

Figure 5: UV epifluorescence microscopy showing a) cross-hatched microcrack from uniaxial compression testing b) linear 

microcrack from uniaxial compression testing [33]. 
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Additionally, it should be noted that each of these patterns of microcracks develop sub patterns. For 

instance, linear microcracks can occur individually, as displayed in Figure 5 above; however, they can 

also develop in parallel with other linear microcracks. Similarly, cross-hatched patterns can develop in 

‘equal cross-hatched’ patterns or ‘unequal cross-hatch’ patterns, depending on the relative length of each 

component of this cross-hatched pattern (i.e. unequal would imply one primary crack with a smaller 

secondary crack) [33].    

Diffuse damage consists of clusters of sub-lamellar cracks that may be less than 1µm in size [27]. These 

have been described as crazing cracks similar to those that separate mineral aggregates [32], [34]–[36]. 

While linear microcracks occur as a result of high-cycle fatigue loading primarily in shear or 

compression, diffuse damage has been found to occur quickly, in low-cycle fatigue or overload, and 

primarily in tensile loading [37], [38]. Another key difference between microcracking and diffuse damage 

is location. While microcracks tend to occur in interstitial bone, diffuse damage tends to occur within 

trabecular packets [35]. Specifically, Vashishth et al. [35] have found that these sub-microscopic cracks 

occur primarily at trabecular surfaces, hypothesizing that they act as a stress relief mechanism throughout 

trabecular bending. Figure 6 shows an example of diffuse damage under light microscopy. 

 

Figure 6:  Diffuse damage characterized by areas of diffuse stain using light microscopy [32]. 
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2.3.3 Toughening mechanisms in trabecular bone 

It has been shown by Kosmopoulos et al. [39] that microdamage exhibits a ‘redistribution effect’. Their 

model proposes that propagation of existing microdamage essentially pauses as new microdamage is 

initiated in other areas of high stress. Since the microdamage is paused during propagation to produce a 

higher number of microdamage sites, and therefore relieves stress in the initial propagation zone, this 

effect can be deemed a toughening mechanism. This redistribution effect, which can be considered a 

microdamage arrest mechanism like those seen in composite materials, occurs as a result of various 

obstacles or interfaces in trabecular bone. For instance, mineral/collagen interfaces act like dispersed 

nanofillers in engineering composites, limiting crack growth at these locations [27].  

2.4 Mechanical Testing of Trabecular Bone 

2.4.1 Fatigue Testing & Creep 

Fatigue testing of trabecular bone is of interest due to the nature and environment in which trabecular 

bone exists. Many fatigue testing procedures exist in the scientific research literature in an attempt to 

correlate microdamage and fatigue [27][31][37]. One widely used method of fatigue testing involves the 

application of a normalized load; that is, a cyclic load alternating between zero and a given maximum 

load that is defined based on a predetermined ratio of stress (𝜎) to the initial apparent Young’s modulus 

(𝐸0). Specifically, a load corresponding to a 
𝜎

𝐸0
 ratio of 0.0035mm/mm has been commonly used in 

previous fatigue studies of cancellous bone [29]–[31], [40].  

It should be noted that there is conflicting evidence in the trabecular bone research literature as to whether 

creep plays a role in fatigue loading. It has been suggested by Bowman et al. [31], as well as Lambers et 

al. [39] that creep is what causes a translation in the stress-strain hysteresis loop as shown in Figure 7.  
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Figure 7: Maximum strain, defined by Lambers et al [31] as the accumulation of creep strain and cyclic strain, where cyclic 

strain is the representation of damage. 

In this instance, creep is defined as either breakage of collagen cross links or sliding of collagen fibrils 

[41]. It has also been suggested that creep is more prevalent in earlier stages of fatigue loading, while 

microdamage would play a more dominant role in later stages. However, these findings are contradicted 

by Moore et al. [42], who suggest that the translation in the stress-strain hysteresis loop is due to damage 

only rather than creep. Whether or not creep does contribute to fatigue in trabecular bone, it has been 

observed in previous tests that – comparable to creep behaviour in other engineering materials – three 

phases exist in trabecular bone fatigue. These can be characterized by an initial increase, followed by a 

steady-state region, followed by a final exponential increase, as seen in Figure 8.  
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Figure 8: Reduction in apparent Young's modulus as a function of fatigue life as determined through multiple fatigue tests by 

Goff et al [29]. 

Whether or not creep plays a role in the fatigue behaviour of trabecular bone, it should be understood that 

the amount of fatigue loading can be measured based on the reduction in apparent Young’s modulus 

governed by: 

                                        𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 = (1 −
𝐸

𝐸𝑖
)                            (2) 

where E is the current apparent Young’s modulus in this equation while Ei is the initial apparent Young’s 

modulus. In the current study, this was the metric used for quantifying microdamage progression.  

Microdamage in trabecular bone is found to have profound effects on the behaviour of the material as a 

whole. Kosmopoulos et al [39] state that the propagation of microdamage throughout low-cycle fatigue 

testing of dense trabecular bone samples is a failure mechanism, in which complete fracture of trabecular 

struts are not required. It is for this reason that the study of microdamage at various levels of fatigue-

induced damage is of interest, and why understanding the mechanisms that occur at small length scales 

are of great importance with regards to their effect on the apparent mechanical properties.  

Within the last decade, significant contributions have been made towards understanding the distribution, 

size, and propagation of microdamage in trabecular bone [29] [30][31]. Specifically, Goff et al. [29] have 
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shown the effects of microdamage distribution and size as a result of fatigue loading on trabecular bone 

samples and proposed particular growth mechanisms (Figure 9).  

 

Figure 9: Number of microdamage sites as a function of microdamage site volume. The dashed blue line represents a specimen 

loaded to the secondary phase of fatigue life while the solid red line represents a specimen loaded to the tertiary phase of fatigue 

life [29]. 

In Figure 9, it can be seen that a higher quantity of small microdamage sites are formed at a lower level 

(“secondary phase”) of fatigue loading. At a higher level (“tertiary phase”) of fatigue loading, fewer, 

larger microdamage sites are present. This can be extended to say that the largest 10% of all microdamage 

sites in this study accounted for 70% of microdamage sites present.  

The idea that a few large microdamage sites are responsible for the majority of overall microdamage, 

notably at high levels of fatigue, is complimentary to the idea that trabecular bone limits the growth of 

microdamage sites [29] [39]. The idea presented by Goff et al. [29] can be represented graphically, as 

shown in Figure 10.  
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Figure 10: Proposed two-way uniform distribution increase of microdamage with increasing number of cycles [29]. 

Moore et al. [43] also display a relationship between type of microdamage as a result of compressive 

fatigue loading. Plotted in Figure 11 is a measure of number of damaged trabeculae per area as a function 

of maximum cumulative strain. Cumulative strain is defined as the total translation in the stress-strain 

hysteresis loop as noted by ‘maximum strain’ in Figure 7.  

 

Figure 11: Damaged trabeculae per area as a function of maximum cumulative fatigue strain [43]. 

It should be noted that the damaged trabeculae were identified, and the damage types were characterized 

using microscopy on chemically stained mounted slides. It is clear that cross-hatched microdamage is 
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dominant in fatigue loaded compression. Additionally, it is seen that the maximum number of damaged 

trabeculae per area is not achieved at the highest level of maximum cumulative strain, but instead, the 

maximum damage per area is found at a critical cumulative strain level. It appears as though in Figure 11 

fracture is not observed below compressive strains of 2%.  

2.4.2 Effect of Microdamage on Monotonic Compressive Loading 

The effect of microdamage can also be examined throughout monotonic compressive loading to failure. 

While microdamage initiates during fatigue loading, it has also been found to initiate during monotonic 

loading, albeit in a different manner. Nagaraja et al. [44] have shown that XµCT can accurately capture 

the propagation of microdamage during incremental compressive loading. Specifically, this study 

confirmed the work completed by Yeh and Keaveny [10], as well as Kosmopolous [39], demonstrating 

that microdamage accumulated in the elastic region of monotonic loading leads to an increase in apparent 

principal stress and strain. These results suggest that the total fracture of trabeculae is not required in 

order to produce changes in the mechanical properties. Incremental compressive tests-to-failure under 

XµCT imaging enable an understanding of microdamage propagation, notably in the distribution and 

location of microdamage in monotonic loading. In said tests, pre-yield microdamage appears to consist of 

predominantly short linear cracks at the surface of trabeculae, while an incremental loading progression 

shows propagation of these surface microdamage sites through the trabecular thickness.  

The difference in the location of microdamage initiation based on mechanical loading type is of interest 

and may be attributed to the effect of trabecular bending. Based on the trabecular bone research literature 

it can be deduced that during fatigue loading, microdamage initiates from trabecular cores in interstitial 

bone tissue [29][30][31]. At these small loading amplitudes, eventual propagation of microdamage will 

stem from these sites which have initiated at the centers of trabeculae, since fatigue-induced damage 

appears not to initiate at trabecular surfaces. Contrarily, during monotonic loading, Nagaraja et al. [44] 

indicate an initiation in microdamage from the trabecular surface is present, likely due to trabecular 

bending. 
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2.5 Summary of Literature Review 

In summary, a review of the trabecular bone research literature has shown the importance of mechanical 

testing and characterization in order to further improve upon our understanding of bone quality. Due to 

the fact that degenerative bone diseases cause an imbalance of bone’s natural remodeling process and thus 

allow for microdamage accumulation, it is important to investigate how fatigue-induced microdamage 

affects the mechanical properties. It is known that microdamage exists as either microcracking or diffuse 

damage, and that microcracking forms during fatigue loading. It is also known that trabecular bone can 

undergo toughening mechanisms including a redistribution effect in which stress relief is provided in the 

form of smaller microdamage nucleation. Fatigue loading is shown in the research literature to cause a 

reduction in the apparent Young’s modulus over time, however it is not yet known how the apparent 

mechanical properties – monitored in a test-to-failure – are altered as a function of fatigue loading. Any 

changes in these properties due to damage accumulation have important clinical implications for bone 

fractures in elderly or diseased populations. Therefore, the current study will investigate the compressive 

properties as determined by a test-to-failure, following various degrees of fatigue loading which will help 

to better understand how the microdamage accumulation throughout fatigue loading affects the apparent 

mechanical properties in trabecular bone.   
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Chapter 3 

Methods 

3.1 Sample Preparation 

3.1.1 Sample Collection and Preliminary Cuts 

Fresh bovine femur tissue was obtained from a local slaughterhouse (Quinn’s Meats Ltd., Yarker, ON, 

Canada). The tissue was transported to the Human Mobility Research Centre (HMRC) at Queen’s 

University where initial cuts were made to the femoral head and the trochanter using a hand saw. An 

attempt was made to cut perpendicular to the principal trabecular direction. Slices were cut with an 

approximate thickness of 15mm; four slices were cut from the femoral head, and three slices from the 

trochanter. The outer-most slices from both the femoral head and the trochanter were not used, as they 

had a rounded bottom surface, thus not allowing for a flat end in an extracted cylindrical core. All slices 

were cut along the outer edges using a hand saw in order to produce rectangular prisms that could be 

more easily gripped in a drill press vice. It should be noted that all rectangular prisms were individually 

wrapped in a saline-soaked cloth and placed in airtight bags before being stored in a -20°C freezer. Prior 

to coring, the rectangular prism-shaped slices were thawed in saline for at least 12 hours [45]. The 

quantity of freeze-thaw cycles was minimized in an attempt to reduce potential associated damage and 

cracking [7].  

3.1.2 Coring Process  

A 4.67mm inner diameter metal bond diamond coring tool (Starlite Industries Inc.; Rosemont, PA, USA) 

was used to produce the cylindrical cored samples. A conversion mount secured the coring tool to the drill 

press, while allowing water flow through the coring tool to minimize damage due to the coring process. 

Approximately 12-15 cylindrical cores were created from each rectangular prism slice. Cores were 

separated by approximately 5mm, which is a sufficiently large distance in comparison to the length scale 

of an individual trabecular strand, to ensure that no damage was induced upon any trabeculae in the 
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current core from an adjacent core [11]. Once a cylindrical core was created, it was immediately wrapped 

in saline-soaked gauze. Upon the completion of coring all cylindrical samples from one rectangular prism 

slice, the samples were cut using a scalpel to a nominal length of 12.50mm. The total length was 

measured three times using vernier calipers and recorded, and then the sample was once again wrapped in 

saline-soaked gauze, placed in an airtight bag, and stored in a -20°C freezer. While a nominal length of 

12.50mm was desired for each sample, the experimental average sample length was 12.54mm, with a 

variance of 0.18mm. Prior to testing, each sample was thawed in saline while remaining wrapped in the 

saline-soaked gauze to ensure that proper hydration was achieved for testing. Samples were transported 

from the freezer in HMRC to thaw in the Nicol Hall XµCT laboratory. Once again a minimum of 12 

hours of thawing was allocated to allow proper rehydration of the sample [45].  

Aluminium endcaps were created for the purpose of reducing potential error due to end artifacts 

throughout mechanical testing [46]. Made from aluminum 6061, the endcaps were designed to have a 

4.97mm diameter and a 3.16mm depth to comply with both the 2:1 aspect ratio and the work of Keaveny 

et al. [46] who indicate the sample gauge length is measured by the exposed length plus one-half of the 

embedded length of the sample. This resulted in a nominal gauge length of 9.34mm. The endcaps were 

secured to the ends of the cylindrically cored bone samples using Loctite 401 instant adhesive 

(Newington, CT, USA). The endcap design, with the cored sample embedded, can be seen below in 

Figure 12. A machine drawing of the endcap design can be found in Appendix C. 

 

Figure 12: Aluminum endcaps with cored sample embedded using Loctite 401. 
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3.2 Mechanical Testing 

3.2.1 Mechanical Testing Apparatus 

The micro-compression apparatus used for all mechanical testing in this study was a MT3KCT (Deben 

UK Ltd; West Sussex, UK), with a 3kN load cell. The specifications of the machine are summarized in 

Table 1. 

Table 1: Deben mechanical testing apparatus specifications 

Maximum Load (kN) 3 

Load Accuracy (%) ±1 

Dynamic Load Resolution  1000:1 

Static Load Resolution 2000:1 

Minimum Displacement (mm) 20 

Maximum Displacement (mm) 38 

Minimum Displacement Rate (mm/min) 0.2 

Maximum Displacement Rate (mm/min) 1.0 

Displacement Resolution (µm) 6 

 

3.2.2 Machine Compliance 

It was important to calculate the machine compliance of the Deben loading stage to ensure proper 

displacement values were recorded. Machine compliance is present in the current testing apparatus as a 

result of its relatively small size. Following the protocol of Morton [7], the machine compliance was 

found to be 10544N/mm. As such, a correction factor was applied to all displacement readings. A detailed 

explanation of the machine compliance calculations can be found in Appendix A. 
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3.2.3 Preconditioning Protocol  

Prior to mechanical testing, a preconditioning protocol is required due to the viscoelastic nature of 

trabecular bone. Preconditioning is a series of loading cycles (typically 10 cycles [30][47]), to a 

significantly lower loading amplitude than that used during fatigue loading, in order to allow the material 

to enter its steady-state phase such that the viscoelastic “toe” region of the load-displacement curve is 

removed [48]. Another benefit of a preconditioning procedure is that the initial material properties can be 

determined. In the current study, the final preconditioning cycle was analyzed using MATLAB 

(MathWorks, Massachusetts, USA) to determine the apparent Young’s modulus of the sample. Ten 

uniaxial compressive preconditioning cycles were completed for each sample between 0 and 0.1% strain 

[31][39][40]. The maximum displacement rate of 1.0 mm/min was used [31], which corresponds to a 

nominal strain rate of 0.11min-1 or 1.78x10-3 sec-1. The sample was wrapped in saline soaked gauze while 

embedded in endcaps. The method by which the apparent Young’s modulus (𝐸0) was calculated is based 

on the protocol of Morgan et al. [49], where the slope at zero displacement of a second-order polynomial 

fit to the initial portion of the stress-strain data represents the apparent Young’s modulus. The initial 

portion of the stress-strain data, as defined by Morgan et al., is from 0-0.2% strain.  

3.2.4 Fatigue Loading Protocol  

For fatigue loading, samples remained gripped in the loading device from prior preconditioning, 

embedded in endcaps, and wrapped in saline-soaked gauze. A published fatigue loading protocol [28] 

[31] [45] of testing from zero to a maximum compressive load corresponding to a ratio of 
𝜎

𝐸0
 = 0.0035 was 

followed, where 𝜎 represents the apparent stress, and 𝐸0 represents the initial apparent Young’s modulus 

as calculated in the aforementioned preconditioning procedure. While the use of zero stress as a minimum 

value may introduce small tensile stresses due to the viscoelastic nature of bone, it should be noted that 

the purpose of the fatigue loading was not to measure fatigue behaviour but rather to induce microdamage 

into the specimen as evidenced by a reduction in apparent Young’s modulus. The displacement rate was 

1.0mm/min. The number of cycles varied based on the quantity of fatigue-induced damage desired for 
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each specific sample and ranged from 50 to 1776. Based on the loading rate, each test took between 5 and 

180 minutes. The quantity of fatigue-induced damage could be determined based on a reduction of the 

sample’s apparent Young’s modulus after loading (𝐸) relative to its initial apparent Young’s modulus, 

described by Equation 2, given by: 

                                      𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 = (1 −
𝐸

𝐸𝑖
)   (2) 

where 𝐸𝑖 is the initial apparent Young’s modulus as measured as an average of the first 5 cycles of fatigue 

loading data. It should be noted that 𝐸𝑖 is used, rather than the 𝐸0 calculated upon pre-conditioning, as it 

represents the modulus at the start of fatigue loading. It should also be noted that 𝐸0 is only used to 

determine the loading amplitude. The apparent Young’s modulus after loading (𝐸) was also calculated 

based on a smoothing technique where an average of the final 5 values was computed. The samples were 

subject to a range of fatigue loading, quantified by reductions in apparent Young’s modulus of up to 38%. 

3.2.5 Monotonic Loading Protocol  

Upon completion of the fatigue loading procedure to a desired level of reduction in apparent Young’s 

modulus, each sample was subjected to a monotonic, uniaxial compressive test-to-failure. The 

displacement rate for the monotonic loading test remained 1.0mm/min. It should be noted that the 

monotonic tests-to-failure were displacement-controlled, whereas the preceding cyclic load was load-

controlled as per the existing research literature [31], [44].  

3.3 Post Mechanical Testing Analysis 

Following fatigue loading and the monotonic test to failure, the sample’s mechanical behaviour was 

analyzed using MATLAB. The final reduction in apparent Young’s modulus and total cumulative strain 

were computed from the fatigue loading data. By analyzing the force-displacement data of the monotonic 

tests-to-failure, failure parameters could be determined. Similar to the approach used for fatigue loading, 

finding the slope tangent to a second-order polynomial fit of the stress-strain data at a strain value of 0 
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allowed for the determination of the apparent Young’s modulus. The yield stress and yield strain were 

subsequently calculated based on the same 0.2% offset method [49]. 

3.4 XµCT Imaging 

A MicroXCT 400 (SN: MXCT-050, Carl Zeiss X-ray Microscopy Inc., California, USA) was used to 

perform XµCT scans throughout this study as a method to characterize sample architecture. The chamber 

of the MicroXCT 400 can be seen in Figure 13 with the Deben micro-compression loading stage inside.  

 

Figure 13: MicroXCT 400 chamber featuring micro-compression loading stage. 

 The settings used for imaging the bovine trabecular cored samples are summarized in Table 2.  
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Table 2: XµCT Imaging parameters used throughout scans performed in the current study. 

Source Voltage (kV) 80 

Source Power (W) 10 

Beam Flattening Filter LE#2 

Exposure Time (s) 135 

Objective Lens 4x 

Source Position (mm) 360 

Detector Position (mm) 60 

Projections Between Reference Images 400 

Projections per Reference Image 100 

  

The 4x objective lens was used as it allows the entire diameter of the sample to be captured within its 

available 6.59mm field of view. The position of the detector was selected such that it could be as close to 

the sample as possible while providing sufficient space for the micro-compression loading stage, as the 

stage rotates a total of 165° during imaging. A source-to-detector ratio of 6:1 was used as recommended 

by Zeiss [50]. As a result of the objective lens selection, source position, and detector position, a 

5.6125µm voxel size resolution was attained. XµCT images were acquired using Zeiss’s XMController 

8.1.6599 software.  

The frame of the micro-compression loading device consists of two stainless steel vertical rods, thus 

limiting angles at which images can be captured. As the range of angular motion during a scan will result 

in an increase in potential motion errors, the maximum angular range was found to be from -165° to -15°. 

An exposure time of 135 seconds was selected in order to achieve a minimum of 2500 counts per 

captured image, a value suggested by Zeiss [50]. Finally, in order to obtain an image quality that allowed 

for proper observation of microdamage, the total number of projections in one scan was 400, a value used 

by Morton [7] when imaging vertebral rat bodies. Each scan took approximately 15 hours to complete. 
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It should be noted that samples were scanned while loaded in the micro-compression device as seen in 

Figure 13. Since the XµCT measures the ability of X-rays to pass through the sample, thereby creating an 

image based on material density, it is required that a background image is captured to acquire a proper 

contrast between the sample and air. As such, the micro-compression loading stage had to be removed 

following each scan so that a series of background reference images could be acquired. These background 

reference images were then applied to the scan of the sample using a despeckle filter.  

The despeckled images were then imported into a separate image reconstruction software provided by 

Zeiss (XMReconstructor 8.1.6599). In this software a center shift was applied in order to correct for 

potential misalignment between the sample’s axis of rotation and the sample stage’s axis of rotation [7]. 

The scan was then reconstructed and saved as a stack of .tiff image slices in the XY orientation.  

3.4.1 XµCT Imaging Protocols  

Two imaging protocols were used during the completion of mechanical tests. The first protocol consisted 

of three scans within the mechanical testing process of a sample: the first scan was completed prior to any 

mechanical loading, the second scan was completed after fatigue loading, and the third scan was 

completed in the midst of the compressive test-to-failure after the specimen had reached its observed 

yield point.  

The second imaging protocol also consisted of three separate scans. Each scan was completed during the 

compressive test-to-failure, after the sample had reached its observed yield point. The first scan was taken 

after the yield point, close to where the sample reaches its maximum stress. Due to stress relaxation 

effects this would enable for a scan to be taken roughly near the yield point. The second scan was taken at 

a strain value that was 2% (0.02 strain) greater than the first scan. The third scan was taken at an 

additional 2% of strain. The scans were taken while the sample was held in compression.  
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3.4.2 XµCT Post-Imaging Analysis 

Reconstructed image slices were imported into Avizo Fire 8.1 (Thermo Fisher Scientific, Massachusetts, 

U.S.A) to obtain a 3D rendering of the scanned sample. An interactive thresholding technique was used 

within the Avizo Fire software, followed by a sub-volume extraction. Based on 2D .tiff image slices in the 

XY plane obtained from XMReconstructor 8.1.6599, as well as resliced .tiff images in the XZ plane using 

ImageJ (National Institutes of Health, Maryland, USA), areas of potential microdamage were observed 

and located in subsequent 3D renderings. Similar to the procedure of Goff et al. [29], detected features 

with volumes of 10,000µm3 or smaller were considered noise.  

3.4.3 Dehydration Testing 

Due to the duration of mechanical testing or, in two cases, prior scanning time, it was of interest to 

determine whether the saline-soaked gauze provided proper hydration to the samples, or if a dehydration 

effect was present. A dehydration test was developed to test this possibility, in which a sample was placed 

in the micro-compression loading stage where it would undergo a series of tests every 1-3 hours. The tests 

would be comprised of a preconditioning phase – the same preconditioning that was completed in proper 

mechanical testing consisting of 10 cycles at 0.1% strain – followed by three cycles at the same amplitude 

of loading as the fatigue testing (described as the load at which a ratio of 
𝜎

𝐸0
 = 0.0035). 𝐸0 was determined 

from the final preconditioning cycle, following the method used for fatigue testing. The length of the 

dehydration tests was determined based on the total time period of combined scan and testing time for 

samples that first underwent imaging and then were tested in fatigue and monotonic compression. The 

dehydration test spanned approximately 13-15 hours. The results of the dehydration test would serve 

either as a validation to the fact that samples were properly hydrated throughout imaging and mechanical 

testing, or the dehydration test would provide insight into the extent to which the mechanical properties – 

specifically the apparent Young’s modulus – were altered as a function of time.     
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Chapter 4 

Results 

4.1 Fatigue Loading 

A typical fatigue curve is shown in Figure 14, displaying the apparent Young’s modulus as a function of 

cycles. 

 

Figure 14: Typical fatigue curve as indicated by reduction in apparent Young's modulus as a function of cycle number. 

This characteristic curve can also be viewed in a similar format to Goff et al. [29] with the reduction in 

apparent Young’s modulus as a function of the fatigue loading cycle number. The linear region of the 

curve suggests that the apparent Young’s modulus reductions are within the steady-state region of fatigue. 
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Figure 15: Typical fatigue curve as indicated by reduction in apparent Young's modulus as a function of fatigue life. 

The fatigue data shown in Figure 14 and Figure 15 can also be plotted as a cyclic stress-strain 

relationship, where it becomes apparent a steady-state region is reached by examining Figure 16. It should 

be noted that engineering stress and engineering strain are used in this thesis, and that compressive stress-

strain data will be represented as positive throughout.  

 

Figure 16: Typical cyclic stress-strain curve of fatigue loading data. 
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4.2 Monotonic Test-to-Failure 

An example of a typical monotonic uniaxial compressive test-to-failure can be seen in Figure 17. The two 

straight lines indicate the curves used to calculate the 0.2% offset strain using the polynomial fit 

technique of Morgan et al. [49]. 

 

Figure 17: Example of typical stress-strain curve from compression test-to-failure. 

The test-to-failure apparent stress-strain curves are shown in Figure 18, grouped by between low, medium 

and high level of fatigue loading. These groups of low, medium and high are identical to the groups 

(Group 1, Group 2, Group 3) established in Section 4.4, based on the reduction in apparent Young’s 

modulus during fatigue loading. It should be noted that the apparent large differences in stress-strain 

behaviour are due to significant variations in sample density. Since a linear relationship exists between 

the apparent density and apparent Young’s modulus over a small range of bone volume fractions 

[10][41][51], the test-to-failure stress values are normalized by the initial apparent Young’s modulus 

(calculated during fatigue loading) and presented in Figure 19. It should also be noted that the tests-to-

failure were not stopped at a consistent quantity of strain, since post-yield analysis was not the primary 

focus of this study.  
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Figure 18: Comparison of stress-strain behavior in subsequent tests-to-failure of samples that had previously undergone a) low, 

b) medium, and c) high levels of fatigue loading. 
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Figure 19: Comparison of normalized stress vs strain behavior in subsequent tests-to-failure of samples that had previously 

undergone a) low, b) medium, and c) high levels of fatigue loading. 



35 

 

The post-yield behavior of one of the curves, seen in Figure 18c and Figure 19c displaying a plateau-like 

behavior an apparent stress of approximately 3MPa and at a normalized apparent stress of approximately 

0.006, can be explained by possible post-yield slippage of the aluminum endcaps within the testing grips. 

It should be noted that despite this observation, failure of the sample was recorded.   

4.3 Comparing Failure Tests to Fatigue Loading 

The monotonic testing data was examined against the fatigue-induced damage quantity to identify 

potential effects of apparent Young’s modulus reduction on various test-to-failure parameters, 

corresponding to the effect of damage accumulation on failure behaviour. Various combinations of stress 

and strain-based criteria were considered. Error bars are included to quantify the uncertainties from the 

loading device (micro-compression device resolution and accuracy data found in Table 1). 

4.3.1 Yield Strain vs Reduction in Apparent Young’s Modulus 

The yield strain of the monotonic compressive tests-to-failure was obtained using the 0.2% offset method. 

The yield strain of each sample is plotted in Figure 20 as a function of its reduction in apparent Young’s 

modulus from fatigue loading. 

 

Figure 20: Yield strain plotted as a function of reduction in apparent Young's modulus. White markers indicate samples that have 

undergone imaging prior to obtaining yield stress and yield strain data (following the first attempted imaging protocol as 

described in Section 3.4.1). Samples from the femoral head are represented as triangular markers (n=10), and samples from the 

trochanter are represented as diamond markers (n=16). Error bars indicate apparatus uncertainty. 
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4.3.2 Normalized Yield Stress vs Reduction in Apparent Young’s Modulus 

The yield stress of the monotonic compressive tests-to-failure was obtained using a 0.2% offset method. 

The yield stress of each sample is plotted in Figure 21 as a function of its reduction in apparent Young’s 

modulus from fatigue loading. It should be noted that the yield stress is normalized by the initial apparent 

Young’s modulus to account for the differences in specimen density due to anatomical location variability 

[51].  

  

Figure 21: Yield stress obtained in compression tests-to-failure normalized by initial apparent Young's modulus, plotted as a 

function of reduction in apparent Young's modulus. White markers indicate samples that have undergone imaging prior to 

obtaining yield stress and yield strain data. Samples from the femoral head are represented as triangular markers (n=10), and 

samples from the trochanter are represented as diamond markers (n=16). Error bars indicate apparatus uncertainty. 

4.3.3 Normalized Yield Strain vs Reduction in Apparent Young’s Modulus 

The yield strain normalized by the initial apparent Young’s modulus (Ei), is plotted against the reduction 

in apparent Young’s modulus in Figure 22. 
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Figure 22: Normalized yield strain (yield strain/initial apparent Young’s modulus) vs reduction in apparent Young’s modulus. 

White markers indicate samples that have undergone imaging prior to obtaining yield stress and yield strain data. Samples from 

the femoral head are represented as triangular markers (n=10), and samples from the trochanter are represented as diamond 

markers (n=16). Error bars indicate apparatus uncertainty. 

4.3.4 Resilience vs Apparent Young’s Modulus 

The resilience, calculated as the area under the stress-strain curve until yield, is plotted against the 

reduction in apparent Young’s modulus in Figure 23. 

 

Figure 23: Resilience plotted against reduction in apparent Young's modulus. White markers indicate samples that have 

undergone imaging prior to obtaining yield stress and yield strain data. Samples from the femoral head are represented as 

triangular markers (n=10), and samples from the trochanter are represented as diamond markers (n=16). Error bars indicate 

apparatus uncertainty. 
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4.3.5 Normalized Maximum Overall Stress vs Reduction in Apparent Young’s Modulus 

The maximum overall stress normalized by the initial apparent Young’s modulus (Ei), is plotted against 

the reduction in apparent Young’s modulus in Figure 24. 

 

Figure 24: Normalized maximum stress (maximum stress/initial apparent Young’s modulus) vs reduction in apparent Young's 

modulus. White markers indicate samples that have undergone imaging prior to obtaining yield stress and yield strain data. 

Samples from the femoral head are represented as triangular markers (n=10), and samples from the trochanter are represented 

as diamond markers (n=16). Error bars indicate apparatus uncertainty. 

4.3.6 Strain at Maximum Overall Stress vs Reduction in Apparent Young’s Modulus 

The strain at the maximum stress is plotted as a function of reduction in apparent Young’s modulus in 

Figure 25. 
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Figure 25: Strain at maximum stress vs reduction in apparent Young's modulus. White markers indicate samples that have 

undergone imaging prior to obtaining yield stress and yield strain data. Samples from the femoral head are represented as 

triangular markers (n=10), and samples from the trochanter are represented as diamond markers (n=16). Error bars indicate 

apparatus uncertainty. 

4.3.7 Normalized Strain at Maximum Overall Stress vs Reduction in Apparent Young’s Modulus 

The strain at maximum overall stress normalized by the initial Young’s modulus (Ei), is plotted against 

the reduction in apparent Young’s modulus in Figure 26. 

 

 

Figure 26: Normalized strain at maximum stress (strain at maximum stress/initial modulus) vs reduction in apparent Young's 

modulus. White markers indicate samples that have undergone imaging prior to obtaining yield stress and yield strain data. 

Samples from the femoral head are represented as triangular markers (n=10), and samples from the trochanter are represented 

as diamond markers (n=16). Error bars indicate apparatus uncertainty. 
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4.3.8 Observations of Initial Plots 

Observations of Figure 20-Figure 26 reveal two trends of interest: the yield strain vs reduction in apparent 

Young’s modulus (Figure 20) and the normalized yield stress vs apparent Young’s modulus (Figure 21).  

4.4 Yield Strain vs Reduction in Apparent Young’s Modulus 

The yield strain vs reduction in apparent Young’s modulus was analyzed by calculating linear and 

quadratic regressions, as shown in Figure 27. The p-values in these regressions represent the significance 

of the regression analyses while the R2 value indicates the variability with respect to the quadratic or 

linear fit within the respective dataset. In the case of the linear regression test, the p-value tests whether or 

not the relation between the x and y variables are significant, in other words, whether the slope is 

significantly non-zero. In the quadratic fit test, a multiple regression test is performed where the two 

independent variables are the reduction in apparent Young’s modulus and the square of the reduction in 

apparent Young’s modulus. A significant quadratic regression analysis reveals that the coefficients fit to 

both of the independent variables are non-zero.   

 

Figure 27: Yield strain data plotted as a function of reduction in modulus, fit to a quadratic relationship (R2 = 0.54, p=1.3x10-4) 

and a linear relationship (R2 = 0.0022, p=0.82). White markers indicate samples that have undergone imaging prior to obtaining 

yield stress and yield strain data. Samples from the femoral head are represented as triangular markers (n=10), and samples 

from the trochanter are represented as diamond markers (n=16). Error bars indicate apparatus uncertainty. 
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Using a 95% confidence interval, it was determined that the trend is well described by a quadratic 

equation (R2=0.54, p=0.00013) with some variability, whereas a linear fit is not significant (R2=0.0022, 

p=0.82). 

Observing the general trend, it can be suggested that the data be divided into three groups. It appears that 

an initial increase occurs from a reduction in apparent Young’s modulus between 0 and 6%. This group of 

yield strain data (Group 1) is linearly correlated with reduction in apparent Young’s modulus (R2=0.91, 

p=8.2x10-4) as seen in Figure 28.    

 

Figure 28: Yield strain vs reduction in apparent Young’s modulus linear regression analysis of Group 1 data showing a strong 

linear correlation (R2 = 0.91, p = 8.2x10-4). Samples from the femoral head are represented as triangular markers (n=4), and 

samples from the trochanter are represented as diamond markers (n=3). Error bars indicate apparatus uncertainty. 

Group 2, defined by a reduction in apparent Young’s modulus between 6%-26%, does not show a linear 

correlation between yield strain and reduction in apparent modulus (R2=0.04, p=0.6), as can be seen in 

Figure 29. 
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Figure 29: Yield strain vs reduction in apparent Young’s modulus linear regression analysis of Group 2. No linear correlation is 

found (R2=0.04, p=0.60). White markers indicate samples that have undergone imaging prior to obtaining yield stress and yield 

strain data. Samples from the femoral head are represented as triangular markers (n=3), and samples from the trochanter are 

represented as diamond markers (n=6). Error bars indicate apparatus uncertainty. 

Group 3, defined by a reduction in apparent Young’s modulus greater than 26%, does not show a linear 

correlation between yield strain and reduction in apparent modulus (R2=0.11, p=0.35), as can be seen in 

Figure 30. 

 

Figure 30: Yield strain vs reduction in apparent Young’s modulus linear regression analysis of Group 3. No linear correlation is 

found (R2=0.11, p=0.35). White markers indicate samples that have undergone imaging prior to obtaining yield stress and yield 

strain data. Samples from the femoral head are represented as triangular markers (n=3), and samples from the trochanter are 

represented as diamond markers (n=7). Error bars indicate apparatus uncertainty. 
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4.5 Normalized Yield Stress vs Reduction in Apparent Young’s Modulus 

Once again using a 95% confidence interval, a quadratic relationship can be used to describe the overall 

relationship of the normalized yield stress as a function of reduction in apparent Young’s modulus 

(R2=0.50, p=0.00037) as shown in Figure 31. A linear fit is also included producing a significant, 

however weaker, correlation (R2=0.21, p=0.019). 

 

Figure 31: Normalized yield stress data (yield stress/initial apparent Young’s modulus) shown as a function of reduction in 

modulus, showing quadratic behaviour (R2 = 0.50, p=3.7x10-4). The linear fit, shown by a dashed line, shows weaker 

significance (R2 = 0.21, p=0.019). White markers indicate samples that have undergone imaging prior to obtaining yield stress 

and yield strain data. Samples from the femoral head are represented as triangular markers (n=10), and samples from the 

trochanter are represented as diamond markers (n=16). Error bars indicate apparatus uncertainty. 

Similar to the yield strain data, three groups are formed based on observation and use the same ranges to 

quantify reduction in apparent Young’s modulus: Group 1 (0 and 6%); Group 2 (6-26%), and Group 3 (> 

26%). Analysis of the data in Group 1 (see Figure 32) reveals that there is no linear correlation between 

the normalized yield stress data as a function of reduction in apparent Young’s modulus (R2=0.22, p = 

0.29).  
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Figure 32: Normalized yield stress vs reduction in apparent Young’s modulus regression analysis of Group 1. No linear 

correlation is found (R2 = 0.22, p = 0.29). Samples from the femoral head are represented as triangular markers (n=4), and 

samples from the trochanter are represented as diamond markers (n=3). Error bars indicate apparatus uncertainty. 

Figure 33 shows that no linear correlation exists between the normalized yield stress data and the 

reduction in apparent Young’s modulus for Group 2 (R2=0.22, p=0.20). 

 

Figure 33: Normalized yield stress vs reduction in apparent Young’s modulus regression analysis of Group 2. No linear 

correlation was found (R2 = 0.22, p = 0.20). White markers indicate samples that have undergone imaging prior to obtaining 

yield stress and yield strain data. Samples from the femoral head are represented as triangular markers (n=3), and samples from 

the trochanter are represented as diamond markers (n=6). Error bars indicate apparatus uncertainty. 

It can be observed Figure 34 that there is a statistically significant linear correlation between normalized 

yield strength and reduction in apparent Young’s modulus for Group 3 (R2=0.65, p=0.005).    
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Figure 34: Normalized yield stress vs reduction in apparent Young’s modulus regression analysis of Group 3. A linear 

correlation is found (R2 = 0.65, p = 0.005). White markers indicate samples that have undergone imaging prior to obtaining 

yield stress and yield strain data. Samples from the femoral head are represented as triangular markers (n=3), and samples from 

the trochanter are represented as diamond markers (n=7). Error bars indicate apparatus uncertainty. 

4.6 Dehydration Testing  

Based on the load-displacement data from the three loading cycles at each time interval, the apparent 

Young’s modulus was determined and the value of the final two cycles at each time interval were 

averaged. The first cycle is not included as a result of observed potential viscoelasticity. A sample 

standard deviation could be obtained for each point based on the final two cycles. The averaged apparent 

Young’s modulus values were then plotted as a function of time. Two separate dehydration tests were 

completed and can be seen in Figure 35. 
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Figure 35: Dehydration testing results showing apparent Young's modulus as a function of time. No linear correlations were 

found for either test. Error bars indicate standard deviation between the two tests. Both tests were conducted using trochanter 

samples. 

Using a 95% confidence interval, no statistical significance was found in the linear regression analyses of 

both tests (test 1: R2=0.18, p=0.26; test 2: R2=0.15 p=0.35). This means that the linear fit imposed on the 

two datasets did not produce a slope with a p-value less than 0.05. Since linear regression tests compare 

an alternative hypothesis (i.e. the suggested slope) with the null hypothesis of slope zero, the result of a 

non-significant alternative hypothesis suggests that the present slope is in fact equal to the null 

hypothesis, which is zero.   

4.7 XµCT Imaging  

Reconstructed XµCT sliced images in the XY plane were obtained from the XMReconstructor 8.1.6599 

reconstruction software and resliced in the XZ plane to align with the z-direction (the principal loading 

direction). It should be noted that due to the nature of trabecular architecture and anisotropy of the 

trabecular cored samples, there is no expectation of a dominant microdamage orientation; however, since 

the principal trabecular direction was roughly aligned with the compressive loading direction it was 

anticipated that any evidence of microdamage or trabecular bending would be more easily detected in the 

XZ plane, rather than the XY planes.    
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It was of interest to detect the propagation of microdamage by analyzing observed damage sites as a 

function of scan progression, using the modified post-yield protocol defined in Chapter 3. The following 

examples of observed microdamage were found using the sample that had undergone a 26.4% reduction 

in apparent Young’s modulus during fatigue loading. While this analysis is purely qualitative, it can 

provide evidence for determining the initiation and propagation of damage in post-yield tested samples 

after fatigue loading.  

The quantity of damage propagation found in any given 2D XZ slice is approximated to be on average 

between 3-6 sites, considering a higher number would be found in the centre of the overall sample due to 

the larger 2D area. Similar quantities were found in both samples that were analyzed using the modified 

post-yield imaging protocol described in Chapter 3. Due to the porous nature of trabecular bone, only 

apparent damage that displayed evidence of propagation was characterized as a true damage site. 

Through the qualitative analyses performed, two post-yield apparent damage mechanisms were identified. 

The first mechanism appears to indicate that damage propagates from the center of the trabecula outward, 

while the second mechanism appears to initiate damage at the trabecular surface which then propagates 

into the trabecula. Two examples of separate subvolumes are presented, each displaying characteristics of 

the two suggested mechanisms. Although both suggested microdamage mechanisms were observed, it 

was noted that surface microdamage was more prominent, as it represented approximately two of every 

three observed sites. For more information regarding the microdamage detection and analysis procedure, 

see Appendix B.  

4.7.1 Example 1 

The first subvolume example can be observed in the XZ reslicing of the initial .tiff images shown in 

Figure 36, where damage area is circled.  
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Figure 36: 2-dimensional .tiff slices showing microdamage progression (circled) in the XZ orientation at strains of a) 2.28%, b) 

4.28% and c) 6.28%, during monotonic compressive loading of sample that has been fatigue loaded to a reduction in apparent 

Young’s modulus of 26.4%. 

 

The 2D analysis of microdamage sites allows for an easy method of detection. However, it does not 

provide a good comparative measure between scans, since it is difficult to locate the exact same position 

in subsequent scans due to small changes in position as a result of loading, as well as the relative amount 

of noise in each scan. Furthermore, it is difficult to locate where damage nucleates in the 2D images. For 

this reason, it is of interest to observe the detected microdamage site in three dimensions. The 3D 

representation of the same microdamage site can be seen in Figure 37 in which a sub-volume was 

extracted, and the focal point of the damage area is circled. 

 

Figure 37: 3D renderings of a) scans 1 at 2.28% strain, b) scan 2 at 4.28% strain, and c) scan 3 at 6.28% strain during 

monotonic loading for a sample that undergone a 26.4% reduction in apparent Young’s modulus. Note that these sub-volumes 

are cropped, so the trabecular surfaces are in fact only shown in the top left and bottom right corner (rougher surfaces). 
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Extracting the sub-volume in three dimensions allows for both a better qualitative observation as well as 

an opportunity to view the cross-section of the trabeculae. The cross-sections of the trabeculae at various 

orientations can be seen in Figure 38 (XY plane) and Figure 39 (XZ plane). 

 

 

Figure 38: Trabecular cross-section in the XY orientation taken from the 3D rendering of a) scan 1, b) scan 2 and c) scan3 

shown in Figure 37. 
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Figure 39: Trabecular cross-section in the XZ orientation taken from the 3D rendering of a) scan 1, b) scan 2 and c) scan3 of 

Figure 37. 

4.7.2 Example 2 

The second example of qualitative XµCT imaging analysis appears to display characteristics of both 

suggested damage nucleation mechanisms. The 2D .tiff images of this damage site can be seen in Figure 

40, followed by 3D renderings of extracted sub-volumes in Figure 41 to obtain a closer observation of the 

damage region.  
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Figure 40: 2-dimensional .tiff images in the XZ orientation. The arrows indicate eroded surfaces as well as surface 

microcracking. Circled is the microdamage that was rendered in 3-dimensions, appearing to originate from the trabecular 

surface. Once again scans were taken at a) 2.28%, b) 4.28% and c) 6.28%. 

The 3D rendering of the circled microdamage site in Figure 40 can be viewed in Figure 41. The circled 

microdamage site from Figure 40 is shown once again as the same circled region in Figure 41. The 3D 

rendering in Figure 41 reveals a second apparent damage site that was not visible in the 2D images as it is 

located at a greater 2D depth, circled with a dashed font, that appears to originate from the trabecular 

core. 

 

Figure 41: 3D rendering of a) scan 1 at 2.28% strain, b) scan 2 at 4.28% strain, c) scan 3 at 6.28% strain. The 3D rendering 

reveals apparent evidence of both surface and core damage.  

The trabecular cross-sections can be viewed from the 3D rendering in the XY (Figure 42) and XZ (Figure 

43) planes. The 3D renderings from these cross-sectional orientations enables for the viewing of surface 

damage propagation as well as some damage propagation from the trabecular core. The circled areas once 
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again display the suggested surface damage mechanism (solid) as well as the suggested core mechanism 

(dashed). 

 

Figure 42: Trabecular cross-section in the XY orientation taken from the 3D rendering of a) scan 1, b) scan 2, and c) scan 3 in 

Figure 41. Only the surface propagation mechanism is visible in this orientation. 

 

 

Figure 43: Trabecular cross-section in the XZ orientation taken from the 3D rendering of a) scan 1, b) scan 2, and c) scan 3 in 

Figure 41. The suggested surface propagation mechanism and suggested core propagation mechanism are circled, solid and 

dashed, respectively. 
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Chapter 5 

Discussion 

5.1 Yield Strain vs Reduction in Apparent Young’s Modulus 

Upon plotting the results of yield strain as a function of the reduction in apparent Young’s modulus from 

the preceding fatigue loading, arguably the most interesting data trends can be seen. At low reductions in 

apparent Young’s modulus (i.e. Group 1, 0% - 6%), an increase is noted in yield strain as per Figure 28. 

The yield strain data approaches an apparent plateau in the reduction range described by Group 2 (6%-

26%), where no significant relationship is established. At reductions in apparent Young’s modulus 

greater than 26%, a decrease is noted, however was not statistically significant. This increase, plateau, 

and decrease, that is shown in the apparent parabolic nature of Figure 27 implies that there exists three 

‘stages’ of yield strain behaviour as a function of reduction in apparent Young’s modulus and therefore 

in fatigue-induced microdamage. Each of these stages can be attributed to the development of 

microdamage in trabecular bone as suggested by the existing research literature. 

5.1.1 Stage 1: Increase in yield strain 

The first stage – an increase in yield strain within Group 1 – is hypothesized to be a result of a 

toughening mechanism seen in trabecular bone described by Kosmopolous et al [39] as the redistribution 

effect. The suggestion of a microdamage redistribution, or microdamage arrest effect best describes this 

stage, as relatively small amounts of fatigue loading lead to the nucleation of small microdamage sites. 

The microdamage redistribution effect means that rather than the growth of one large microdamage site, 

trabecular bone’s structure provides barriers to the propagation of microdamage in a given location in 

favor of nucleating a small site elsewhere, in order to provide stress relief at the initial site.  

The work of Goff et al. [29], and Torres et al. [39] would also assist in explaining the current proposed 

behavior, as their work proves that the size of microdamage sites dominate the overall mechanical 

behavior in fatigue loading. In other words, it is suggested that the initial increase in yield strain as a 
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function of fatigue-induced damage cannot be due to an increase in size of the largest damage site. A 

scenario where an increase in initial fatigue loading results in a decrease in yield strain would suggest 

that the increased fatigue loading grows the largest microdamage site that is responsible for eventual 

failure in monotonic testing – essentially growing the largest site to facilitate monotonic compressive 

failure. Since the current study shows an increase in yield strain, as opposed to a hypothetical decrease, it 

can be said that this largest critical site does not grow at such low levels of fatigue-loading. As such, if 

Figure 10 is observed, and attributing the reduction in apparent Young’s modulus to microdamage 

development, a decrease in apparent Young’s modulus or increase in fatigue loading must lead to one of 

the following: a) more microdamage sites, or b) larger microdamage sites. In the current study, the 

increase in yield strain suggests that more microdamage sites must be occurring, since as discussed, 

larger sites would result in a detriment of the yield properties [29][31] which is not the case shown in 

Figure 28. For this reason, it can be speculated with evidence from the current research literature that an 

increase in microdamage sites leading to this increase in yield strain is cause by what is known as a 

microdamage redistribution or arrest phenomenon.  

In addition to microdamage accumulation, it is important to consider that the reduction in apparent 

Young’s modulus may possibly be influenced by creep [52]. Since there is contradicting evidence in the 

research literature as to whether creep does in fact contribute to fatigue loading and therefore to the 

reduction in apparent Young’s modulus, it is of interest to explore the possibility of creep’s effect on the 

current results, while noting that the behaviour can be explained by microdamage accumulation alone. If 

the hypothesis in the current study states that many small microdamage sites are present during this first 

stage, it is suggested that there should be a greater driving force promoting the reduction in apparent 

Young’s modulus. While the nucleation of small microdamage sites may be a viable suggestion towards 

explaining the increase in yield strain, attempted correlations from Goff et al. [29] show that it does not 

completely explain the associated reduction in apparent Young’s modulus. As such, it is a possibility that 
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the reduction in Young’s modulus at this stage could be driven by creep. The work of Oftadeh et al. [48] 

would also assist in supporting the fact that creep leads to a high elastic strain response.  

Bowman et al. [41] have suggested that creep plays a relatively larger role than damage in early fatigue 

loading of trabecular bone. Bowman et al. also state that the research literature describes creep at a 

microstructural level as either the collagen cross-links breaking or sliding of collagen fibrils. If in fact 

larger relative contributions of creep are present at lower cycles, the increased yield strain in Group 1 is 

consistent with the microstructural effect of creep. Contributions of creep would cause cross-link 

breakage and collagen fibril sliding at a greater relative rate than in samples undergoing higher-cycle 

fatigue. As such, breakage in crosslinking could serve as a method of providing an increase in ductility as 

collagen crosslinking has been shown to cause embrittlement [30]. Additionally, a greater rate of 

collagen fibril sliding could be a proposed mechanism to relieve trabecular bending, allowing for greater 

elastic strains to be reached in monotonic testing.  

5.1.2 Stage 2: Plateau in yield strain 

The second stage in the plot of yield strain vs reduction in apparent Young’s modulus described as Group 

2 displays a lack of linear correlation, indicative of a potential plateau or critical level. Since there is no 

statistically significant linear correlation in the Group 2 data, the null hypothesis indicating a slope of 

zero is present is accepted. The maximum yield strain value is recorded in Group 2, shown by Figure 29. 

In relation to the existing research literature this falls in accordance with what Sahar et al. [53] have 

found, stating the ultrastructural benefit of improving mechanical properties via microdamage will only 

be beneficial up to a “critical threshold of accumulation”. Specifically, the microdamage redistribution 

phenomenon proposed will nucleate a critical quantity of microdamage sites. With the progression of 

increasing microdamage sites created, stress relief will increase, thereby causing an increase in the yield 

strain as determined by the positive linear correlation in the Group 1 data. The strong parabolic fit in 

Figure 27 reveals that a critical maximum yield strain is reached at a reduction in apparent Young’s 

modulus of approximately 19%. It is proposed that when the limit of microdamage sites is reached, larger 
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microdamage sites begin to grow to a size that is detrimental to subsequent monotonic loading as 

suggested by Goff et al [29]. These larger microdamage sites are said to be ultimately responsible for 

failure. The work of Lambers et al. [31] further reinforces the suggestion that a microdamage 

redistribution mechanism is present in Group 1 and the beginning of Group 2 data, noting that large 

microdamage sites are limited by boundaries within the trabecular bone structure, such as cement lines. 

5.1.3 Stage 3: Decrease in yield strain 

The final stage (Group 3) seen in the yield strain vs reduction in apparent Young’s modulus data in 

Figure 20 can be described as a decrease in the yield strain following the Group 2 plateau stage.  

It is believed that this decrease represents fatigue quantities beyond which the redistribution effect is 

critically beneficial and therefore the structure would incur considerable microdamage growth. 

Examining Figure 10, it can be deduced that if the quantity of nucleated microdamage sites has already 

reached a maximum, microdamage growth must occur, albeit on few sites. It is likely that microdamage 

growth is dominant in Group 3 data, as correlations between reduction in apparent Young’s modulus as a 

function of both DV/BV (damage volume fraction) and number of large microdamage sites are reported 

in the literature [29]. Figure 9 displays another graphical representation of published experimental results 

where a sample loaded to its tertiary loading phase will have more large microdamage sites, but fewer 

small sites (where a large site is defined as 106 µm), suggesting coalescence of small sites leads to the 

formation of larger sites. It is important to note that tertiary fatigue loading has been shown by Lambers 

et al. [31] to be the point in fatigue loading at which “most microdamage” is generated, where the 

quantification of microdamage is measured based on volume. Their conclusion corresponds reasonably 

well with the findings in the current study as the proposed decrease in yield strain due to microdamage 

growth occurs during the tertiary (i.e. Group 3) fatigue loading phase. The hypothesis that large 

microdamage propagation and coalescence is responsible for the observed decrease in yield strain is also 

supported by the work of Bowman et al. [41] who propose that an increase in fatigue loading will lead to 

the dominance of microdamage over creep as a cause for the reduction in apparent Young’s modulus. As 
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such, whether or not creep plays a role in fatigue loading of trabecular bone, the potential role would be 

small relative to the effect of microdamage at this level of fatigue loading.  

Upon comparing the three groups, it should be noted that Group 3 data shows the highest degree of yield 

strain data scatter (see Figure 27). This can be explained by the proposed microdamage mechanism. In 

Group 1, relatively low scatter is seen in the data that has been proposed to be nucleating microdamage 

sites. As the fatigue-induced microdamage increases, the scatter also increases. This is likely due to the 

fact that Group 3 data undergoes a proposed coalescence and growth of fatigue-induced microdamage, 

creating an uncertainty in the location of eventual failure. Since it has been suggested that a critical 

damage site will grow and cause eventual yielding in the test-to-failure, the Group 3 yield strain data 

depends on both this critical damage area in addition to apparatus uncertainty and specimen variation, 

whereas Group 1 data only depends on apparatus uncertainty and specimen variation.  

5.2 Yield Stress vs Reduction in Apparent Young’s Modulus  

The resultant yield stresses from compressive tests-to-failure were plotted against the reduction in 

apparent Young’s modulus from fatigue loading. Although a parabolic relationship exists between the 

data, (R2=0.50, p<0.05) the characteristic increase, critical point, and decrease exists with a much greater 

degree of uncertainty than seen in the yield strain data. The initial increase which is suggested to be 

attributed to the microdamage redistribution mechanism does not significantly show a linear increase, 

however it can be seen by examining Figure 32 that the data points characterized by a reduction in 

Young’s modulus between 3-6% exhibit a clear linear increase.  

While the quadratic relationship established in Figure 31 proves statistical significance, the primary 

source of uncertainty in the normalized yield stress data stems from the ‘critical’ or ‘plateau’ region 

which shows very high variability. Statistical evidence supports a lack of correlation shown by Group 1 

and Group 2 data in individual linear regression analyses (Figure 32 and Figure 33). This means that the 

suggested increase cannot be proven in Group 1 data. The lack of a significant linear correlation of Group 
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2 reinforces a “plateau” region having a slope of zero, however the presence of such variability does not 

support the description of a “critical” region. A quadratic regression analysis of Group 1 and 2 data 

together is shown to have no statistical significance, (R2=0.20, p=0.24) meaning further testing is 

recommended in these fatigue ranges in order to conclusively state whether or not Group 1 and Group 2 

follow the same trends in the normalized yield stress data as in the yield strain data.  

What it is clear however, in examining the results of the normalized yield stress, is that the dataset 

decreases in Group 3, showing a statistically significant correlation (R2=0.65, p=0.005). This helps 

support the suggestion that the growth and coalescence of many small microdamage sites into fewer 

larger sites occurs at a given fatigue level. Despite the fact that the quadratic regression of the overall 

trend shown in Figure 31 does not indicate as strong of a relationship as in the yield strain dataset, the 

critical point of the function – which could be representative of a critical quantity of microdamage site 

nucleation reached before growth and coalescence begins – was found to occur at a reduction in apparent 

Young’s modulus of approximately 14%. This value is close to the 19% found from the yield strain data, 

and both values lie in the reduction in Young’s modulus range characterized as Group 2. 

It should be noted that published work in the literature supports the fact that yield strain provides a 

stronger correlation to the fatigue-induced microdamage in the current study than normalized yield stress. 

The work of Moore et al. [43] and Lambers et al. [31] state that strain is a better predictor of 

microdamage accumulation in trabecular bone than normalized stress.  

5.3 Dehydration Testing 

As an increase in apparent Young’s modulus would indicate that a dehydration effect is present in the 

trabecular bone samples [26], it can be seen in Figure 35 that the dehydration test results displays no 

significant increase in apparent Young’s modulus in either of the completed tests. While the dehydration 

test results indicate no significant effect is present, the results should be interpreted with some level of 

speculation. Although the protocol utilizing saline-soaked gauze is standard amongst tests conducted 
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throughout the research literature, observations of the sample throughout testing would suggest some 

level of dehydration should be present. Therefore, it is speculated that a possible competing mechanism 

exists that would resist the expected increase in apparent Young’s modulus as a function of time. This 

mechanism is suggested to be relaxation. Although the number of cycles in the dehydration test was not 

representative of fatigue loading, it is expected that the accumulation of several load-controlled cycles – 

as performed in this test – would create small amounts of compressive strain hysteresis (see Figure 7). 

However, because the three cycles throughout each trial are load-controlled, the micro-compression 

device will maintain its current force (current being the force at which the final cycle was completed, 

nominally 0N) while the sample is gripped in the micro-compression device between trials. Therefore, 

there would exist a level of strain relaxation while the same stress is maintained over the time period of 1-

2 hours between trials. This suggested effect is supported by the fact that each trial was found to begin at 

an absolute position that is greater in tension than the previous trial. Despite efforts to remove the 

viscoelastic effect, there would still exist small levels of tensile strain in the sample prior to each trial. In 

order to reach the same absolute force value as the previous trial, a greater quantity of strain would be 

required therefore appearing as though the modulus is decreasing. The dehydration testing also allows for 

a potential observation of uncertainty in the current testing setup. In observing the standard deviation as 

determined by the final two cycles in each trial, there appears to be multiple data points that would 

suggest a significant variance is present between cycles of the same trial. This variance is attributed to 

apparatus error, which is discussed further in Section 5.5. 

5.4 XµCT Imaging 

5.4.1 Qualitative Observations in XµCT Imaging 

The 3D rendering of microdamage allows for a qualitative analysis of the propagation and growth of an 

observed microdamage site. It should be noted that the damage sites seen by the XµCT imaging cannot 

definitively be deemed microdamage, since they are imaged post-yield and thereby a combination of 

propagated fatigue-induced microdamage and damage induced by overload in the monotonic test. Upon 
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examination of the 3D rendering of Figure 36 in Figure 37-Figure 39, it can be argued that Figure 37a 

displays possible central damage nucleation, which is circled. Due to the small size and relative noise 

present in the imaging, it is not conclusive as to whether this damage site propagated from the trabecular 

core or from the trabecular surface. As the damage site is seen extending towards the outer surface of the 

trabecular rod, an argument can be made that either a central site or an outer surface site propagated to 

form this larger damaged region.  

In the second example, the case is made that both suggested mechanisms can co-exist, as shown in Figure 

41, where it can be suggested that the circled damage area stems from a surface-nucleated mechanism, 

while the lower damage area appears to be centrally located.  

This nucleation of microdamage from the center of the trabecula is consistent with the work of Goff et al. 

[29] who indicate that fatigue microdamage initiates from the core of the trabecular rod, since the center 

is the location of older interstitial bone, said to be more brittle than the outer surfaces. It is also of interest 

to note the location of damage relative to the macrostructure of the sample. As seen in the 2D progression 

of damage (Figure 36), the location of microdamage appears to originate at what can be described as an 

intersection of trabecular rods. This coincides with published spatial microdamage analysis from Thurner 

et al. [54] where these locations of intersection are high stress and high strain areas, due to the multi-axial 

loading condition from trabecular rods in various directions. Additionally, the angle of trabecular 

intersection may act as a stress concentration, facilitating microdamage formation.  

Due to the fact that the current study combines fatigue loading with monotonic overload, it was sensible 

to find various damage propagation mechanisms. In addition to damage nucleation from the trabecular 

cores, by inspecting Figure 40 it is seen that apparent growth of damage also occurs at the outer surfaces 

of the trabecular rods. This observation is hypothesized to be attributed to a region of bending in the 

trabecular network. Upon loading past the yield point, it appears as though these regions of relatively 

high bending would be more favourable to cause trabecular fracture than the propagation of fatigue-

induced microdamage. This finding is consistent with the work of Nagaraja et al. [44] who have proven 
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that monotonic compressive post-yield damage without prior fatigue loading propagates at the outer 

surfaces of trabeculae. Outer-surface damage was seen to occur at both trabecular intersections as well as 

at the midpoint along trabecular rods. 

The evidence of two post-yield damage propagation types within the same sample, loaded in fatigue to a 

reduction in apparent Young’s modulus of 26.4% would suggest two main conclusions. First, the XµCT 

imaging provides some level of evidence towards supporting the idea that fatigue microdamage 

accumulation nearing the Group 3-level fatigue phase is a dominant mechanism (over other potential 

influences such as creep) in subsequent compressive monotonic tests-to-failure, although it appears as 

though possible “fatigue damage” (identified as damage that initiates at the trabecular core) does not 

account for all post-yield damage regions. Second, different regions of one specimen may undergo 

various degrees of fatigue microdamage accumulation, dependant on orientation, location, and 

presumably affected by mineral content and composition heterogeneity. As such, post-yield imaging 

reveals surface microdamage propagation that can be suggested to be uninfluenced by prior fatigue 

loading. 

The suggestion in the current study that fatigue influences the failure mode can be validated by the study 

of Thurner et al. [54]. Thurner et al. investigate the comparison of failure modes in fatigued vs non-

fatigued trabecular bone samples and have found non-fatigued samples to produce a confined failure 

band mechanism, while fatigued samples display a burst-like failure mechanism. This may assist in the 

explanation of failure modes in the current study as a burst-like mechanism could be associated with 

microdamage propagation from the trabecular core, whereas bending or buckling would be more likely to 

produce surface microdamage. If in fact this damage type is driven by fatigue loading, it can therefore be 

suggested that the impact of fatigue-induced microdamage is significant a length scale that cannot be 

detected with the current XµCT imaging resolution, and may accelerate damage propagation. Future 

work investigating whether this relationship holds true for multiple sites would be of interest.   
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It should also be noted that previous research has indicated two types of failure modes based on 

trabecular architecture, specifically in relation to whether a given trabecula is loaded parallel to the 

loading axis (in compression) or transverse to the loading axis (in tension and compression) [55]. Thus, it 

would be of interest to conduct future studies in which a microdamage detection algorithm could detect 

all sites in an attempt to correlate damage to spatial distribution and architecture, to determine whether 

the effect of reduction in apparent Young’s modulus or the effect of architecture is most strongly 

correlated with failure mode. A detection algorithm would also enable a possibility of observing what 

Thurner et al. describe as a confined failure band. The results found in the current study do not follow the 

same trend, as both suggested types of microdamage appear to initiate at trabecular intersections. It was 

noted however, that evidence of surface damage was found in trabeculae oriented parallel to the loading 

axis which be related to buckling.  

Finally, it should be understood that the damage imaged in the current study is representative of 

microcracking, and not diffuse damage, as the imaging of diffuse damage would require a chemical stain 

detection mechanism. The lack of a staining agent introduces potential bias. Since diffuse damage has 

been reported in previous studies to initiate from overload, the possibility that higher levels of diffuse 

damage are present would in turn mean that a lower proportion of fatigue-induced microdamage is 

present than what is seen in the current study. It is possible that the use of a staining agent may however 

favour surface microdamage, as it would likely not be able to penetrate to the trabecular core. 

5.5 Limitations and Uncertainty 

5.5.1 Limitations in Mechanical Testing   

The limitations of the Deben loading stage should be considered when examining the mechanical testing 

procedure, causing limitations and sources of uncertainty in both the preconditioning and fatigue 

protocols. First, since the preconditioning protocol requires displacement-controlled loading, as opposed 

to the fatigue loading’s force-controlled cycles, the loading type must be altered in the software between 

preconditioning and fatigue. The lack of a multi-step mechanical loading ‘recipe’ means the viscoelastic 
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effect may not be completely removed by the preconditioning. It was for this reason that the first cycle in 

each dehydration trial was not considered as part of the analysis. Second, the 0.1% strain preconditioning 

procedure suggested by Lambers and Moore [31][40] conflicts with the data analysis procedure of 

calculating the apparent Young’s modulus based on the stress-strain data within the 0-0.2% strain range 

as suggested by Morgan et al. [49]. This means that the entirety of the preconditioning half-cycle was 

used to calculate the initial apparent Young’s modulus, while the reduction in apparent Young’s modulus 

as measured during fatigue loading only used a fraction of the half-cycle. Since the initial modulus as 

calculated during preconditioning was used to obtain the loading amplitude, there may be small 

discrepancies between the apparent Young’s modulus used to obtain the loading amplitude and the 

apparent Young’s modulus used for modulus reduction calculations. 

The load cell and sampling rate may also be a source of potential uncertainty in the current study. In 

order to minimize the signal to noise ratio, through preliminary trials it was concluded that a sampling 

frequency of 200ms would be optimal. While the micro-compression device has a capability of sampling 

every 100ms, the use of this sampling rate was found to be too sensitive, producing noise that would lead 

to the presence of small maxima and minima that are not representative of a true cycle. This noise, likely 

a result of the high gain setting required for the given loads, would cause analysis issue, as the apparent 

Young’s modulus is calculated each cycle by finding every maximum and minimum in the force-

displacement data. It is recommended that a smaller load cell be used for future tests of this magnitude in 

order to allow for a smaller gain setting, thereby decreasing the noise amplification.  

5.5.2 Limitations in XµCT Imaging 

It should be understood that the current study performed only a qualitative analysis on the examination of 

microdamage using XµCT imaging. This qualitative analysis provides evidence that two types of failure 

occur in trabecular bone samples that have been fatigue loaded and subsequently loaded to failure, 

although it cannot determine which exact microdamage site propagated first to cause failure in the 

sample. To observe this progression to failure, a real-time imaging analysis of damage propagation 
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would be required during loading. It should also be understood that there are limitations in the current 

investigation of microdamage and propagated damage via XµCT imaging. First, it is well understood in 

the research literature that failure of trabecular bone and more specifically failure of individual trabeculae 

does not require complete fracture of a trabecular rod or strut [39]. As such, many sites of microdamage 

or trabecular failure were not identified in this qualitative analysis, and more importantly it is likely that 

some damaged or failed regions may not have displayed any evidence of damage. In the current study’s 

qualitative analysis, it was found that imaging the sample after fatigue loading did not reveal any 

observational differences from the initial scan prior to any mechanical testing. In order to properly 

quantify and identify all microdamage types – both diffuse damage and microcracks – that occur simply 

as a result of fatigue loading, it is recommended that a staining protocol be implemented. While staining 

protocols were attempted in the current study, properly quantifying and distinguishing different 

densities/intensities in post-image analysis proved to be a significant challenge. Additionally, staining 

was found to significantly increase specimen preparation time as protocols in the research literature 

indicate specimens should undergo chemical bathing for time periods of up to 14 days [19].  

It is suggested based on the current study that future studies using XµCT characterization should image a 

variety of fatigue levels in multiple samples. By testing a range of samples that have undergone various 

degrees of prior fatigue loading, it could be of interest to quantify and attempt to correlate damage 

propagation (either central or surface) with reductions in apparent Young’s modulus. Based on the 

current study, the hypothesis would be that samples with lower reductions in apparent Young’s modulus 

would accumulate less microdamage, thus undergo failure that involves trabecular bending, with damage 

propagating from the trabecular surfaces due to overload. The current study would expect samples that 

have undergone larger reductions in apparent Young’s modulus to accumulate more microdamage and to 

display damage initiation in the central regions of the trabeculae. Relating this potential future study to 

the yield strain results in the current study, a determination of the value of reduction in apparent Young’s 

modulus at which microdamage appears to impact post-yield trabecular damage may be indicative of the 
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formation of large microdamage sites that cause the yield strain in subsequent monotonic tests-to-failure 

to decrease, and may validate the estimation that this value is in the range of approximately 14-19%.  

5.6 Importance Towards Medical Improvements for Degenerative Bone 

Diseases 

The current study provides an importance in further understanding the mechanical behaviour of trabecular 

bone and how the monotonic properties are influenced by prior fatigue loading. The results can be related 

to the motivation of the study, which is to contribute towards the knowledge of bone quality, 

understanding that bone quality research helps in providing opportunities for further progression in 

detection and treatment advancements for degenerative bone diseases such as osteoporosis.  

Degenerative bone diseases inhibit bone’s natural ability to remodel, not allowing for the replacement of 

old, fatigued tissue, leading to microdamage accumulation. Evidently the current study does not consider 

the exact environmental differences that occur with in-vivo loading, however comparisons can be drawn 

in relation to loading type and microdamage accumulation. Fatigue loading in trabecular bone is likely to 

occur in patients as a result of daily activities, thus the accumulation of fatigue-induced microdamage in 

osteoporotic individuals is inevitable, albeit to a less predictable degree (due to differences in 

environment, loading patterns, etc.). Similarly, a monotonic test may be more relatable to a larger force or 

higher impact event such as a fall. As the current study indicates a significant decrease in yield strain and 

yield stress upon reaching a critical amount of fatigue, it can be evidently compared to an instance where 

a patient with higher fatigue-induced microdamage accumulation would require a smaller force to cause 

failure upon undergoing this monotonic impact.  

The imaging results in the current study support the fact that the effect of microdamage on the mechanical 

properties of trabecular bone is not always easily detectable and occurs at such a small scale that would 

require characterization techniques not suitable for patients. It is assumed that if a future emergence of 

ethical, harmless, in-vivo microdamage detection methods become available, a shift towards the detection 
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and treatment of degenerative bone diseases using bone quality techniques should provide a more 

effective assistance to osteoporotic patients. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

The principal conclusions from the current experimental study can be summarized as follows: 

• Cored bovine trabecular bone samples were mechanically tested in uniaxial compressive fatigue 

loading to various quantities as measured by the reduction in the apparent Young’s modulus and 

subsequently tested in monotonic, uniaxial compression to failure. The most significant result was 

found to be the relationship between the yield strain from monotonic compression plotted as a 

function of the reduction in apparent Young’s modulus from fatigue loading. This relationship 

displayed an initial increase followed by a plateau, and finally a decrease. This behaviour is best 

described as: 

o An initial increase attributed to a redistribution mechanism in which small microdamage 

nucleates in order to relieve local stress. In turn this prevents the growth of larger 

microdamage sites.  

o A plateau/critical region is attributed to a critical amount of microdamage formation. 

Yield strain is maximized due to the fact that larger, detrimental microdamage sites have 

not yet coalesced.  

o A final decrease is attributed to the coalescence and growth of microdamage sites into 

few, large sites that ultimately will facilitate failure in subsequent monotonic testing.  

• Using XµCT, post-yield 3D images were analyzed for a sample loaded to a 26.4% reduction in 

apparent Young’s modulus, and subsequently tested to failure. The results of this examination 

indicated two types of apparent damage propagation. The first, which appears at the centre of 

trabeculae, is suggested to be propagated damage as a result of prior microdamage accumulation 

due to fatigue loading. The second, which appears at the outer surfaces of trabeculae, is suggested 



68 

 

to be initiated and propagated primarily during the monotonic compressive loading and caused as 

a result of bending or tensile forces within the trabecular bone sample.          

6.2 Recommendations 

Improvements to the experimental procedure should be considered to address various sources of error that 

may affect the results, as described in Section 5.5. First, the error associated with tensile relaxation that 

potentially contributes to a decrease in modulus as a function of time should be evaluated further. For 

example, this relaxation effect would influence the dehydration test results, and by extension, the 

assessment of repeatability in apparent Young’s modulus values. Since the standard deviation in apparent 

Young’s modulus could be measured in these dehydration tests, albeit only with two cycles, it is apparent 

that there is noticeable uncertainty, namely in Test 1. It is suggested that this lack in repeatability stems 

primarily from the data acquisition limitations, as discussed in Section 5.3 Dehydration Testing3. It is 

recommended that either a smaller load cell is used, such that error amplification due to gain is reduced, 

or a modification is made to the MATLAB post-processing analysis code where a smoothing function or a 

conditional local maximum detection algorithm is implemented. Although an averaging technique was 

used in determining the reduction in apparent Young’s modulus during fatigue loading, it would be of 

interest to explore various smoothing techniques, and perhaps curve fitting tools in an effort to reduce 

variance amongst apparent Young’s modulus calculations. 

It is also recommended that modifications to the current preconditioning protocol be considered. The fact 

that the acquisition of fatigue loading data (notably the apparent Young’s modulus calculation) is based 

on the first 0.2% strain, while the preconditioning only reaches a maximum of 0.1% is something that 

should be investigated further to determine whether this significantly impacted the results of the current 

study. Since the accepted published protocol of preconditioning only requires a loading amplitude of 

0.1% strain, it is possible that discrepancies may exist between the value of apparent Young’s modulus 

calculated during preconditioning in comparison to the apparent Young’s modulus calculated during 

fatigue loading. Due to the possible small viscoelastic effect remaining in the trabecular bone samples 
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after preconditioning, it is possible that stress-strain behaviour between 0.1-0.2% strain differs from 

behaviour at values less than 0.1% strain, causing discrepancies in the calculated apparent Young’s 

modulus values. 

Further modifications could be made towards improvements in the mechanical testing protocol. If further 

analysis of post-yield behaviour is desired in the tests to failure, a criterion should be implemented in 

which the tests are stopped at a precise value of strain, or a percentage load drop from the strain at 

maximum stress. It could be of interest to explore the post-yield behaviour of the tests-to-failure in future 

work.  

In addition to mechanical testing, there are recommendations that can be made to improve the 

characterization techniques associated with the current study. It is suggested that future studies use a 

greater number of image projections to obtain a clearer 3D rendering with reduced noise. Furthermore, 

improvements could be made by creating a microdamage detection algorithm similar to what has been 

used in the research literature [54]. Although no observational microdamage differences were detected 

between initial trials of scans without mechanical testing and scans after fatigue loading, higher resolution 

images that focus on specific regions of interest should be conducted using a greater number of 

projections and analyzed with a microdamage detection algorithm. In the current study, the number of 

projections was minimized in order to minimize scan time, while the resolution was compromised to 

obtain a field of view large enough to capture the entirety of one sample. Since the scan time was 

originally minimized for concern of dehydration, the implementation of a hydration vessel similar to that 

of Morton [7] could be explored if further data collection is to be completed after imaging. The use of a 

staining agent such as barium sulfate could be of interest to properly observe both diffuse damage and 

microcracking. While the current study found barium sulfate staining to be time-intensive and difficult to 

quantify, it is recommended that future work be completed in an attempt to achieve a post-processing 

algorithm that properly quantifies stain volume based on the density histogram, similar to Leng et al. [18]. 
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It should be noted that a staining technique may however, provide challenges in locating central 

microdamage since the staining agent may not fully penetrate through the individual trabeculae. 

Finally, because of current gaps and contradictory published work in the research literature the 

comparative effects of creep and microdamage should be further investigated. The current study, along 

with prior work from Bowman et al. [41] may suggest that the presence of creep supports the trends in 

yield strain and yield strength data as a function of fatigue-induced microdamage, however it would be of 

interest to confirm whether creep does in fact contribute to the data trends presented, and to decipher 

relative contributions between creep and microdamage. 
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Appendix A 

Machine Compliance Characterization 

The machine compliance associated with the Deben micro-compression apparatus was found to be linear. 

Similar to the procedure used by Morton [7], mechanical testing was performed on a material with known 

material properties. The machine compliance – or in other words the correction applied to the 

displacement – is a necessary correction tool in order to account for the small size of the samples. The 

machine compliance accounts fact that the displacement used in this study is the machine crosshead 

displacement, as opposed to the likes of an LVDT or extensometer. Due to the sample size, hydration 

requirements and micro-compression apparatus used, the use of crosshead displacement was required. To 

properly acquire the sample’s displacement, the machine compliance must be subtracted from the total 

displacement. This can be represented by : 

                                                       𝛿𝑡 = 𝛿𝑐 + 𝛿𝑠                                                                                   (3) 

Where 𝛿𝑡 is the total displacement as measured by the machine actuator in mm, 

 𝛿𝑠 is the displacement of the sample in mm, 

𝛿𝑐 is the machine displacement in mm 

In the current study, it is of interest to obtain the displacement of the sample (𝛿𝑠). For this reason, the 

machine displacement must evidently be subtracted from the total displacement. It is, however, difficult 

to directly measure the machine displacement. The machine compliance relationship as a function of 

force has been determined by Morton to be linear with the validation of a linear elastic isotropic material, 

and thus can be represented as:  

                                                           𝛿𝑐 =
𝐹

𝑘𝑐
                                                                                        (4) 

where 𝑘 is the machine stiffness in mm/N, and 𝐹 is the applied force in N. 
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By performing compression testing on a cylindrical Al6061-T6 sample (possessing the same 2:1 aspect 

ratio as in the current study) with known mechanical properties, the value of 𝑘𝑠 and therefore its 

associated 𝛿𝑠 value would be known for a given applied force. Combining Equation 3 and Equation 4, one 

can obtain: 

   𝛿𝑐 =  𝛿𝑡 −
𝐹

𝑘𝑠
                                                                        (5). 

                                                 

 Once plotted, the slope of the resulting line gave the machine stiffness,  𝑘𝑐. Based on the known Young’s 

modulus value of 70.278 GPa for Al6061-T6 [56], 𝑘𝑠 could be obtained from the following expression, 

derived from Hooke’s law: 

                                                                           𝑘𝑠 =
𝐴𝐸

𝐿
                                                                                 (6) 

where 𝑘𝑠 is the sample stiffness in N/mm, 𝐴 is the sample’s cross-sectional area in mm2, 𝐸 is the Young’s 

modulus of the sample in Pa, 𝐿 is the length of the sample in mm. 

The 𝑘𝑐 value was found to be 10544N/mm. Therefore, for future mechanical tests (with an applied force 

in N), the sample’s displacement (in mm) could be more accurately calculated as: 

𝛿𝑠 = 𝛿𝑡 −
𝐹

10544
                                                                         (7) 
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Appendix B 

Example of 2-dimensional microdamage investigation 

Figure 44 below shows an example of a 2-dimensional image slice from a sample that has undergone a 

26.4% reduction in apparent Young’s modulus. The image was taken after the sample had reached 6.28% 

strain during a monotonic test-to-failure. It should be noted that the microdamage investigation process 

would begin by examining 2D images such as this. The microdamage site could be analyzed further in 3 

dimensions. The propagation of damage could also be analyzed by examining the two other scans taken 

during the monotonic test-to-failure, in this case, one at 2.28% strain, and one at 4.28% strain. Further 

examination of the apparent sites in two and three dimensions would allow for a more definitive 

assessment as to whether the site propagated from the centre or from the surface of the trabecula. 

In Figure 44, it can be seen that roughly five apparent microdamage sites were noted (shown by solid 

circles). The dashed circle represents a region that was explored, but not conclusively deemed a 

microdamage site. It is likely that this site is a circular feature in the trabecular architecture due to its 

consistency and lack of roughness. Microdamage sites typically displayed noticeable roughness in shape, 

and showed characteristics of propagation in a given direction (see Figure 36 and Figure 40). Due to 

apparent similarities in microdamage and trabecular architectural features, it was more difficult to 

conclusively locate microdamage at the trabecular core.   
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Figure 44: Example of 2-dimensional .tiff image slice in the XZ orientation from a sample that had undergone a 26.4% reduction 
in apparent Young’s modulus during fatigue loading, and has been loaded in a test-to-failure to 6.28% strain. The circled areas 

represent likely microdamage sites that would be noted and possibly investigated. The dashed circle represents an area that was 
explored but did not show characteristics of a microdamage site, but rather was suggested to be a feature of the trabecular 

architecture. 
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Appendix C 

Machine Drawing of Aluminum Endcap 

Figure 45 shows a machine drawing of the aluminum endcaps that were used for mechanical testing. 

 

 

Figure 45: Machine drawing of endcap design. 


