
 

 

DETERMINING THE MODULUS OF INTACT BOVINE 

VERTEBRAL CANCELLOUS BONE TISSUE: DEVELOPMENT 

AND VALIDATION OF A PROTOCOL 

 

 

 

by 

 

Andrew Craig Engbretson 

 

 

 

 

 

A thesis submitted to the Department of Mechanical and Materials Engineering 

In conformity with the requirements for 

the degree of Master of Applied Science 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

August 25, 2010 

 

Copyright ©Andrew Craig Engbretson, 2010 



 

 ii 

Abstract 

 Cancellous, or spongy, bone accounts for nearly 80% of the human skeleton’s internal 

surface area, despite comprising only 20% of its mass.  It is made up of a network of struts and 

plates that provide lightweight internal support to mammalian bones.  In addition, it often serves 

as the main interface between the skeletal system and implanted devices such as artificial hips, 

knees, and fracture fixation devices.  However, hip arthroplasties can succumb to loosening of the 

implant due to bone resorption, which is thought to be caused by a mismatch in both apparent and 

real stiffness between the device and the surrounding bone.  Many studies have attempted to 

determine the Young’s modulus of cancellous bone tissue, but the results are far from being in 

agreement.  Reported values range from less than 1 to nearly 20 GPa.  In addition, the small size 

of trabeculae has made dissection and testing a challenge. 

 In this thesis, whole individual trabeculae from a bovine lumbar spine were tested in 

three-point bending to determine their Young’s modulus using custom-made equipment to fit a 

miniature single-axis testing device.  The device itself was validated by testing materials with 

moduli ranging from 1 to 200 GPa.  The structure of the cancellous bone and the morphology of 

the individual struts were determined using micro x-ray computed tomography (µXCT).  

Individual struts were manually isolated from slices made using a low-speed saw under constant 

lubrication and measured under a stereomicroscope.  Samples exhibiting no machined surfaces 

(and thus deemed to be whole, or ―uncut‖) were compared to struts that had been cut by the saw 

during sectioning. 

 Validation showed that the system was capable of determining the modulus of materials 

that were approximately five times stiffer than the expected cancellous modulus (copper, at 115 

GPa) to within 10% of published values.  This gave confidence in the results for bone.  The 

modulus of the ―uncut‖ specimens was found to be 15.28 ± 2.26 GPa, while the ―cut‖ specimens 

had a significantly lower modulus (p = 1.665 × 10
-6

) at 2.63 ± 2.65 GPa.  The lower modulus for 

―uncut‖ specimens may be due to microdamage that occurred during machining and dissection. 
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Chapter 1 

Introduction 

1.1 Motivation 

 Mammalian bone has been given many roles: a support frame for the whole body, 

anchoring points for muscles, protector of internal organs, and enduring extreme loads during 

daily activity.  In particular, cancellous bone, although comprising only 20% of the human 

skeleton by mass, accounts for 80% of bone surface area [1].  Therefore it serves as the main 

point of contact for prostheses such as artificial hips and knees (Figure 1.1). 

 

Figure 1.1 – Prostheses showing large contact area between implant and cancellous bone with 

bone-implant interface highlighted in red (adapted from [2, 3]) 
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 Additionally, the number of hip and knee replacement surgeries is expected to balloon 

rapidly as the population ages.  The American Association of Hip and Knee Surgeons estimates 

that there may be a need for 500,000 hip replacements and 3,000,000 knee replacements by the 

year 2030 [4].  With increased life expectancies for patients comes the need for durable implants.  

Although cemented implants have proven reliable [5], their long-term performance is often 

lacking, necessitating revision surgeries, which are usually less successful [6-8]. The alternative 

to cemented implants is (surprisingly) cementless implants, which rely on a bonding between the 

patient’s bone and the device.  Such devices have been shown to be successful, but also are 

susceptible to loosening due to ―stress shielding‖, which is an effect that occurs because the 

stiffer metal absorbs a disproportionate share of loading and the bone undergoes resorption [5]. 

 Because these cementless implants are gaining popularity among younger patients (those 

expected to live more than 15 years post-operatively), the issue of stress-shielding still needs to 

be resolved.  As this arises from a difference in the properties of bone tissue and the metal of the 

implant, a likely solution would be matching the properties of the implant to those of the bone 

tissue.  However this is difficult as there seems to be no clear consensus on the Young’s modulus 

of cancellous bone tissue [9-14].  Clearly, to tailor the stiffness of the implant to that of 

cancellous bone, the question of the mechanical properties of the bone must be answered first. 

1.2 Research Objectives 

 The work in this thesis seeks to further the understanding of the micro-mechanical 

properties of cancellous bone tissue.  Although there have been many previous efforts examining 

the Young’s modulus of cancellous bone, this research differs in that it attempts to remove many 

of the simplifying assumptions and extensive sample preparation used in the previous studies [13, 

15, 16], or more explicitly to test bone in its ―natural state.‖  Plainly stated, the goal of this project 
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is to design and develop a simple and reliable protocol to determine the modulus of whole, 

unmachined samples of cancellous bone.  This knowledge can be applied to developing a model 

of whole bone, which then could be used for a wide range of applications, from furthering the 

understanding of fracture and osteoporosis, to developing next-generation osseointegrated 

implants with increased life expectancies. 

1.3 Thesis Organization 

 Chapter 2 presents a review of literature concerning various methods and results of 

testing both cortical and cancellous bone tissues.  Chapter 3 describes the development of the 

micromechanical testing device used for this thesis, including needs, goals, and a description of 

the design process.  The fourth chapter summarizes the method for testing individual trabeculae 

used for this thesis.  Chapter 5 presents the relevant results, split up into validation of the 

machine, imaging of the bone, and the mechanical testing of bone samples.  Chapter 6 discusses 

these results and analyzes confounding factors and sources of error.  Finally, Chapter 7 

summarizes the results and gives recommendations for future work in this area.  
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Chapter 2 

Review of Literature 

 “If bone is the answer, then what is the question?” 

-Rik Huiskes 

2.1 An Introduction to Bone Structure 

 Bone is the material that provides the basis for the structural framework, support, and 

locomotion in modern-day mammals and birds, among other organisms.  It is a living material 

capable of changes in both outer dimensions and internal structure.  For the most part, it is 

covered in living cells and permeated with blood vessels and living tissue.  However the majority 

of bone itself is an acellular matrix, being comprised mainly of collagen impregnated with a 

mineral phase similar to calcium phosphate called hydroxyapatite (HA) [12].  This structure of 

bone can best be described as a polymer/ceramic hierarchical composite, because it exhibits 

several distinct structural organizations at various length scales.  The first is the differentiation of 

cancellous and cortical bone, the common dividing line considered to be 30% porosity [17].  This 

differentiation can continue to the nanometre scale involving the basic building blocks of 

collagen fibrils and hydroxyapatite crystals (Fig. 2.1).  Bone also contains water, whose presence 

has been shown to have a significant impact on the mechanical behaviour of bone [18].   

Although bone as a material is well known and has seen significant amounts of research, 

the majority of it has concerned either its macroscopic and bulk properties or its structure and 

composition.  More recently some groups have focused on the micromechanical properties of 

bone, and more specifically the properties of individual trabecular struts, but there appears to be 

no clear consensus as to the elastic modulus of cancellous bone tissue with results ranging from 1 

to 30 GPa. 
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Figure 2.1 – Illustration of bone’s hierarchical structure [18] 

2.1.1 Collagen 

 Collagen I forms the 3-dimensional framework in which the mineral phase grows, and 

since collagen is a fibre, this collagen/HA structure cannot be treated as a simple particulate-

reinforced composite.  Thus, the structure of collagen becomes very important to the mechanical 

properties of bone.  The general nano-scale orientation of a collagen I fibril is shown in Figure 

2.1.  Collagen is the most abundant protein in vertebrates [19] and researchers have identified 28 

different varieties, each distinguished by its unique protein chain structure.  However, nearly 90% 

of collagen found in bone is of type I collagen [20].  All collagen is made of a triple helix of 

proteins, and its bulk properties can be compared to those of a tough, rubbery polymer [19].  

Burstein et al. found that decalcified bone (leaving essentially collagen) had significant decrease 

in yield strength, but that the post-yield slope of the stress/strain graph (0.75 x 10
3
 MN/m

2
, or 

GPa) did not change at all, suggesting that collagen significantly contributes to the post-yield 

behaviour of bone, and therefore that the mineral phase, and moreover the amount of it, is a 
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significant factor in the modulus of bone [21].  Finally, as collagen is a polymeric material, it is 

thought to impart some viscoelastic properties to bone, resulting in a strain-rate dependent 

stiffness and strength [22]. 

2.1.2 Mineral Phase 

As a polymer, collagen alone is not enough to sustain the loads associated with normal 

locomotion, let alone high-impact forces involved in vigorous and/or unexpected activity.  Thus, 

there is a need for a reinforcing phase.  In mammals this is accomplished by a calcium phosphate 

compound, most commonly hydroxyapatite (HA) [12].  At the molecular level, this reinforcing 

phase takes the form of plate-shaped crystals that are approximately 500 x 250 x 25 Å (length, 

width, and thickness respectively), but it is not uncommon to see crystals with lengths ranging 

from 200 to 1000 Å [23].  These mineral crystals are most commonly found in between collagen 

fibrils, but smaller ones have also been observed in the spaces between molecular fibres [23].  

The HA plates are generally aligned along the longitudinal axis of the surrounding collagen fibrils 

[20]. This resulting anisotropy manifests itself as an increased stiffness in the longitudinal 

direction of the mineralized fibrils. 

Bone minerals have been shown by many studies to have an impact on tissue stiffness.  In 

addition, as stated in the previous section, as the degree of mineralization increases, so does the 

stiffness of the tissue [12, 18, 21, 24, 25].  Other studies have shown that this increase in stiffness 

seems to be accompanied by an increase in material strength [26-28].  A side effect of this is that 

older bone tends to be stiffer than new bone.  This observation can be attributed to a decrease in 

the rate of remodelling in older animals, which results in less ―new‖ bone (which has a low 

mineral content) being created, leaving more ―old‖ bone (which has had time to become 

mineralized) within the skeleton.  Another effect of remodelling is that the distribution of the 

mineral content of bone is far from uniform, and this inhomogeneity becomes more significant as 
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the scale of observation is decreased (for example one region may be undergoing remodelling 

while a neighbouring one is not, resulting in a large difference at a small scale). 

2.1.3 Hierarchical Structure of Bone 

All types of bone arise from the basic building blocks of collagen and hydroxyapatite.  

From Figure 2.1, it can be seen that the individual collagen molecule chains and HA crystals form 

mineralized collagen fibrils, which in turn are grouped to form fibres of the same material on the 

order of 3-7 µm in diameter [18].  It is these fibres that form the next structural level – lamellar 

and woven bone.  The two types are differentiated by the alignment and organization of the 

mineralized fibres; lamellar bone is formed by well-organized sheets of collagen fibres called 

lamellae (which have distinct wrapping angles very similar to more familiar composite tubular 

structures), while woven bone lacks the well-established patterns of lamellar bone and the 

collagen fibres are much more difficult to discern [12, 18].  The lamellae are wrapped 

concentrically around canals, known as Haversian canals, or osteons, which are generally 

oriented along the longitudinal axis of the bone [18].  This alignment is the third structural feature 

that contributes to the highly anisotropic mechanical properties of bone (the first being the 

alignment of HA crystals and the second being the direction of mineralized collagen fibres).  

However cancellous bone tissue generally does not feature this third order of alignment as 

individual trabeculae are small enough that containing a Haversian canal would result in 

significant weakening of the structure (and due to their small size they do not need a highly 

organized vasculature).  As a result cancellous bone is chiefly comprised of woven bone which 

has a lower degree of anisotropy than cortical (lamellar) bone. 
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2.2 Cortical Bone 

 Cortical bone is nearly solid, and only has voids for blood vessels (Haversian canals), 

cells, and canaliculi (microscopic canals).  It makes up the shell of all bones in the human body 

and varies in thickness from a few microns to a few millimetres depending on the location [12].  

Due to its low porosity and large dimensions (when compared with individual trabeculae), it was 

easier for researchers to determine its tissue properties than for those who attempted to do so for 

cancellous bone and as such there is a wealth of information to be found, yet results vary widely 

between groups, species, and even within testing methods.  Three main methods have been used 

in attempts to determine the mechanical properties of bone; classical mechanical testing (applying 

a known load to a specimen and measuring the resulting deformations), ultrasonic techniques 

(relying on the speed of waves through a medium, obtained from        ), and more recently 

nanoindentation, which has allowed investigation of the anisotropy of the building blocks of bone 

(i.e. Haversian systems) [14, 25, 29, 30]. 

 A brief survey of the literature concerning human bone (which seems to be tested the 

most often) reveals reported moduli ranging from 15 to 23 GPa [12, 18, 29], with lower numbers 

typically reported in studies using classical methods (tension, flexion, etc.) and higher numbers 

from those using nanoindentation techniques.  Some have speculated that this is due to the 

hierarchical structure of bone in that the modulus is higher and that there may indeed be real 

differences between the micro- and nano-properties of bone [18].  Still, human cortical bone is 

frequently cited to have a modulus around 15 GPa. 

 As the research done for this thesis dealt with bovine bone, previous work dealing with 

other species was also sought.  Currey’s review of the properties of bone from various animals 

reports the median modulus of bovine tibial and femoral bone to be 19.7 and 26.1 GPa, 

respectively for samples tested in uniaxial tension [12].  Interestingly, he also reports their 
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mineral volume fractions to be 364 and 410 parts per thousand, which lends further credence to 

the claim that the mineral content of bone has a positive relationship with the stiffness of the 

composite material (which agrees well with classical composite mechanics theory).  Although not 

as much data were available for the modulus of bovine bone, it appears that for similar testing 

methods (as it may not be appropriate to compare nanoindentation results to those obtained from 

more conventional mechanical methods) it is stiffer than human bone [14, 30]. 

2.3 Cancellous Bone 

 Trabecular, or cancellous, bone is generally accepted to be bone with a porosity greater 

than 30%.  Differentiation between it and cortical, or compact, bone is usually easy as most bone 

does not exhibit porosity between 15 and 50 percent [12].  In addition to readily visible 

(macroscopic) differences, cancellous bone has a slightly different microstructure when compared 

to cortical bone.  As previously mentioned, cortical bone has highly organized osteons with 

Haversian canals packed together in a well-defined orientation.  From Figure 2.1 it can be seen 

that the size of an osteon may be up to 500 µm, or on the order of individual trabeculae.  This 

would create a situation where the trabeculae had large voids (the Haversian canals) in their 

centres, which would compromise their structural integrity.  Consequently cancellous bone is not 

made from lamellar bone but instead from woven bone.  This means that cancellous bone tissue 

may have a lower degree of anisotropy when compared to cortical bone. 

In bovine vertebra it appears that there is a well-defined transition point between the two 

types (Figure 2.2).  The network of cancellous bone provides support and reinforcement to the 

cortical shell, and can be seen as a mechanism for maximizing strength while minimizing weight 

[12]. 
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Figure 2.2 – Microscope image of a sectioned bovine vertebra showing the transition zone from 

cortical (bottom) to cancellous bone, along with dimensions for the thickness of the cortical shell 

and trabecular struts. 

 

 The role of cancellous bone is to provide lightweight reinforcement to the cortical shell, 

as completely solid bones would be too heavy.  The trabeculae themselves seem to be aligned 

along paths of principal stresses and this is very apparent in the femoral head (Figure 2.3) where 

they appear to be oriented to handle principal stresses that arise from the eccentric loading of the 

bone.  It is also believed that cancellous bone plays a role in increasing the fracture toughness of 

bone.  The structure of cancellous bone is capable of absorbing larger amounts of energy than a 

comparable volume of cortical bone [17].  This view is also supported by those who have found 

that cancellous bone may have a lower mineral content than cortical bone, in which case it 

behaves more like the tough collagen matrix than the brittle mineral phase [21, 31]. 
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Figure 2.3 – Lines representing principal stresses in the femoral head.  On the left is an analysis 

of the stresses in a Fairbairn crane, and on the right is Wolff’s depiction of trabecular alignment 

in the proximal femur.  Note the similarities in tensile stresses due to eccentric loading 

(reproduced from [32]) 

The Structure of Cancellous Bone 

 Cancellous bone exhibits a variety of morphologies, ranging from a meshed network of 

fibres to long, interconnected, parallel plates.  Singh breaks cancellous bone down into three main 

types; I, II, and III, with Types II and III being broken down further into subsets by smaller 

differences in structure [33].  What follows is a summary of his work. 
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 Type I typically occurs in long bones, farther away from the ends.  This type of 

cancellous bone is comprised of a network of thin rods with very little orientation.  It is the most 

delicate structure.  Type II bone is made up of both rods and plates and is tougher and stronger 

than type I bone.  Sub-type IIa sees some of the longer rods in type I replaced with thin plates, 

approximately 0.1-0.2 mm thick and about 1 mm long.  This is often difficult to differentiate from 

type I bone as the length and thickness of the plates vary down to the point where they are small 

enough to appear as just rods.  This type of bone is commonly found in the ends of long bones.  

Sub-type IIb has larger and more extensive plates, which may be up to 0.5 mm thick and several 

millimetres long.  The plates themselves begin to show alignment in the direction of principal 

stresses and are often fenestrated.  This type of bone is usually seen in the calcaneum.  Sub-type 

IIc looks very much like large parallel plates approximately 0.2 mm thick separated by the type of 

struts seen in type I bone.  It is seen near articular surfaces such as the distal femur and proximal 

tibia.  Type III bone can be differentiated from type II in that it is primarily, and sometimes 

almost exclusively, comprised of fenestrated plate-like structures.  Sub-type IIIa is similar to IIa, 

but is made up entirely of plates.  It often exhibits little in the way of preferential alignment.  Sub-

type IIIb is similar to IIb, but again lacks the struts of IIb.  It appears to be made of parallel plates 

when viewed laterally, but when viewed along the longitudinal axis of the plates, it can be seen 

that the plates do not stay parallel to each other and instead join to form canals or tube-like 

structures. Sub-type IIIc is very dense cancellous bone most typically seen just under the surface 

of cortical bone near high-load joints.  It is very dense and the plates are thick.  As the distance 

from the joint increases, it slowly transitions to a type IIc structure.  Examples of selected 

architectures can be seen in Figure 2.4. 
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Figure 2.4 – Examples of various trabecular arrangements.  1) Type I bone formed by a 

meshwork of rods 2) Diagram of type IIc; parallel plates separated by thin struts 3) Type IIIb 

made up entirely of plates, with the three visible faces of the cube showing how the plates appear 

parallel from one view (right side) but in reality form channels (top view) 4) Type IIIc, showing 

nearly a honeycomb-like mesh near articular surfaces (reproduced from [33]) 

 

 Sing’s work reports that type IIIc is typically found in vertebra, but inspection of Figure 

2.2 would suggest that the structure of bovine vertebral cancellous bone may be more accurately 

described as type II c. 

2.4 Properties of Cancellous bone 

 The first distinction that must be made is the difference between the properties of the 

material that comprises cancellous bone (referred to as ―tissue properties‖) and those of the 

structure made by cancellous bone (―bulk properties‖).  It is nearly intuitive that the stiffness of a 
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porous network would be lower than that of the homogeneous, parent material.  Cancellous bone 

is no different, with bulk properties reported to be an order of magnitude less than those of 

cortical bone [17].  In addition, from the data reported by Carter and Hayes, it appears that the 

bulk modulus of bovine cancellous bone is higher than that from humans.  However, it must be 

noted that the bovine bone was taken from the femoral condyles, while the human bone came 

from the tibial plateau [17]. 

 Well before any serious efforts were made (or the technology existed) to quantify the 

properties of cancellous bone tissue, Julius Wolff theorized that it should have a modulus around 

15 GPa, or similar to that of cortical bone [34].  The basis of this reasoning is sound, as even 

current knowledge seems to indicate that there is little difference between the nanostructures of 

compact and cancellous bone.  From a material aspect, there are conflicting reports as to whether 

cancellous bone has a lower mineral content than cortical bone [15, 18], and the main structural 

difference between cortical and cancellous bone is the lack of Haversian canals in the trabeculae 

[18].  However, in the last forty years many have made efforts to determine the properties of 

cancellous bone tissue and the reported results are as varied as the methods used in attempts to 

determine them. 

2.4.1  Mechanical Methods 

Many attempts at determining the tissue properties of cancellous bone have involved 

scaled-down versions of classical methods for larger samples; tension, compression, flexural, and 

torsional testing.  One of the earliest records is Townsend’s work with non-Eulerian buckling of 

single trabeculae [35].  His work suggested that ―bending and buckling are the main modes of 

loading within the cancellous network‖ and that the buckling was ―necessarily inelastic‖ due to 

the lower-than-ideal length:diameter ratios of trabeculae.  Whole, unmachined, trabeculae from a 
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human tibia were tested wet and dry, and their moduli were found to be 1.65 × 10
6
 psi (11.4 GPa) 

and 2.05 × 10
6
 psi (14.1 GPa), respectively. 

 Much of the work contemporary to Townsend’s dealt with the properties of the trabecular 

network.  Although these researchers did not directly determine the properties of cancellous bone 

tissue, they shed light on aspects of bone that are important to the current work.  Carter and Hayes 

showed that bone exhibits a viscoelastic response [17] such that the apparent modulus and 

compressive yield stress increase with strain rate.  These results were also reflected in the work of 

Galante et al which stated that a tenfold increase in compressive strain rate resulted in a 30% 

increase in strength [36].  The implication of this effect is that material strain rate needs to be 

constant between samples, and even studies, to make wholly accurate comparisons.   

 Earlier works involving cancellous bone also noted that there appeared to be a strong 

relationship between modulus and yield strength and that modulus increased with bone mineral 

content.  This has been confirmed by many groups, albeit in the testing of cancellous bone 

structure, not tissue [26, 27, 37].  Along with this, the positive correlation between mineral 

content and Young’s modulus shows that healthy, mineralized bone is superior in both resistance 

to deformation and the amount of force necessary to cause failure.  Knowing that bone remodels 

itself in response to loading, Goldstein et al investigated the (bulk) properties of cancellous bone 

as a function of metaphyseal location and found that the modulus of the network in the centre of 

the tibial condyles (i.e. subjected to greater loading) was higher than the peripheral bone 

(experiencing less loading) by a factor of 100 (430 to 4.2 MPa, respectively) [27].  The 

aforementioned studies in this paragraph all relied on taking cubic or cylindrical samples of 

cancellous bone for compressive testing, the difficulties of which (end effects, location and 

orientation of samples, effects of fat and marrow) have been recently documented by Lievers et al 

[38]. 
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 Other attempts at determining the Young’s modulus of cancellous bone tissue through 

classical mechanical methods have included many studies from the group at the University of 

Michigan, most notably J.L. Kuhn, S.A. Goldstein, and K. Choi.  This group employed three-

point flexural testing, which they justified by noting constraints placed on equipment and 

experimental technique by the small sample dimensions [13].  Importantly, the samples were 

obtained from very thin (75-150 µm) sections and as such the possibility exists that some 

microdamage was introduced to the samples despite optical inspection of the surfaces.  The 

machining was done in an effort to create samples with a quadrilateral cross-section for easier 

analysis.  Furthermore, the authors acknowledged that the severe reduction in size of the samples 

significantly increased the chances of natural ―defects‖ such as lacunae having an effect on the 

results (effectively contradicting the assumption of homogeneity).  This group also attempted to 

compensate for the inherent shear force in three-point flexural testing by using a modified 

flexural modulus formula developed by Timoshenko [39].  However this analysis still assumed an 

isotropic, homogeneous, linear elastic material, which clearly is not the case, and the difference 

between the assumed ideal and real-world sample characteristics becomes more pronounced as 

the size of samples gets smaller.   

 In this study Kuhn et al [13] also compared the modulus of cancellous tissue to that of 

similarly-sized cortical samples made by a micro-milling process.  Bone from the iliac crest was 

taken from 23 and 63-year old male donors.  In both cases, the mean cortical modulus was higher 

than that of cancellous bone, and both cortical and cancellous moduli were significantly higher in 

the 63-year old donor.  However, moduli ranged from 3.03 to 5.26 GPa for all samples, reflecting 

a tissue modulus much lower than expected for cortical samples (i.e. approximately 15 GPa).   

 In another paper from the same group, authored by K. Choi, an identical preparation and 

testing method were employed to examine the elastic moduli of human subchondral, cancellous, 
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and cortical tissues.  Basic fuchsin staining was employed in an effort to monitor microdamage, 

and the authors theorized that the lack of prevalent cracks could mean that biological defects 

(natural structure accentuated through machining) have a more significant effect on the 

experimental tissue modulus than any machining artifacts [15].  The reported moduli for 

cancellous and cortical tissues were not notably different from what had been reported in the 

group’s previous study.  However, the modulus of subcondral bone was significantly lower than 

either cortical or cancellous tissues, at 1.15 GPa.  The group also noted that there was a 

significant relationship between bone mineral density and Young’s modulus for both trabecular 

and cortical tissues, but none such relationship existed for subchondral bone. 

 Of note to this project was a third paper from the Michigan group, again authored by 

Choi [16], that examined the fatigue behaviour of trabecular and cortical bone tissue, but more 

importantly used a new four-point flexural setup in addition to their already-validated three point 

machine [13].  When comparing the results between the two flexural methods, there was no 

significant difference in reported moduli between the simpler three-point and more difficult four-

point flexural setups.  Although a four-point flexural test eliminates shear forces from the 

midpoint of the shaft, the measurement of midpoint deflection and proper alignment of the two 

loading heads are inherently difficult in larger specimens, and therefore especially more so in 

smaller ones. 

 Although bone as a whole is loaded chiefly in compression, and is highly anisotropic, 

efforts have been made to test tissue in tension.  Such a technique has been relatively common for 

larger, machined cortical specimens [12, 18, 24]; it becomes much more complex for individual 

trabeculae.  However, Branca et al developed a microtensile device that used optical techniques 

to measure displacement and micro-mandrels for sample fixation and alignment [40].  The device 

itself was validated by testing optical fibres and then used to test various biological samples 
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including human hair.  However the device is extremely complicated and therefore no attempt 

was made to duplicate it for this study. 

 A subsequent paper by Bini et al [41] used the same microtensile device from Branca’s 

paper specifically with the goal of testing individual trabeculae.  The bone was sourced from 

human femurs and yielded an average compressive modulus of 1.47 GPa, and a tensile modulus 

of 1.89 GPa.  The lower numbers for compression were attributed to flexion of the specimen 

during loading, as whole trabeculae were used and as a result there was some bending moment 

inherent to the imperfectly straight pieces. 

 Finally, a different microtensile device was used by Hernandez et al in an effort to 

quantify the relationship between ductility and non-enzymatic collagen cross-linking [42].  The 

researchers did not try to determine the elastic modulus because it depends on the samples’ cross 

sections.  Of particular note was the use of a cyanoacrylate glue (Loctite 401) to provide traction, 

using a screw-based system for proper sample alignment, and employing digital imaging to 

monitor any slipping of the sample or elongation at the dabs of glue.  The authors admit that 

tensile loading may not be the principal mode for cancellous bone, but state that one third of the 

cancellous tissue that fails during compressive loading is due to excessive tensile strain.  This, 

coupled with the structure of cancellous tissue in many bones (such as the femoral head) give 

some credence to the appropriateness of tensile testing, and may indicate that acrylic cement is 

appropriate for providing fixation and traction.  

 As a whole, mechanical testing of cancellous bone seems to produce an underestimate of 

tissue properties when compared to the assumption of a modulus of 15 GPa (for human bone).  

Some believe this may be due to microdamage from machining in an effort to create samples with 

regular dimensions [13, 15, 16], the exposure of natural defects from the same machining, or 
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testing methods that are confounded by non-standard samples [35, 41].  Clearly there are still 

obstacles to overcome in using mechanical methods for such small samples. 

2.4.2 Finite Element Analysis 

 As the power of computers has grown, so too have the efforts of researchers in using 

computational techniques to determine the mechanical properties of cancellous bone tissue.  All 

of them have employed bulk mechanical testing and then used the data to back-calculate the 

properties of the tissue.  In order to perform finite element analysis, a three-dimensional 

reconstruction of the very same piece of bone that was tested must be made.  The first attempts 

involved serial sectioning, imaging of the sections, and then reconstruction.  More recent efforts 

have used computed tomography as the technology has become more accessible.   

 Although there were many groups attempting to use FEA prior to their paper, van 

Rietbergen et al may have been the first to employ a fully three-dimensional FE model the size of 

a mechanical test specimen [43].  They attributed this to the increase in power and available 

memory in computers.  A                  cube was taken from the proximal tibial 

plateau of a human donor.  The three-dimensional model was created by digitizing serial sections 

and a special FE code was developed for this particular testing in order to reduce computing time.  

However in doing so, they made the assumption that bone is a homogeneous linear elastic 

material at small structural levels, which has been shown to not be the case.  Still, the group made 

the interesting (and in retrospect somewhat intuitive) observation that the apparent, or bulk, strain 

can be very different than the tissue strain in individual trabeculae within the lattice.  They also 

found the mean tissue modulus to be 5.91 GPa, with a range of 2.23-10.1 GPa.  Similar results 

were published by Hou et al in their examination of the apparent and tissue stiffness of the human 

vertebral body [44] which sourced bone from a human T-12 vertebra, but used µCT to construct 

their 3D FE model. 
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 A slightly more extensive study by Ladd et al investigated the anisotropy of the 

cancellous bone in the human lumbar vertebrae through mechanical testing and 3D FEA.  The 

authors employed µCT images to construct their three-dimensional model (Figure 2.5).  Due to a 

similar location when compared to the bone used in this study, these images served as an 

indicator of the cancellous structure within bovine vertebrae.  This assumption was believed to be 

valid despite the different loading conditions due to the differences between a biped and 

quadruped.  Using uniaxial compression along three orthogonal directions (superior-inferior, 

anterior-posterior, and medial-lateral) and a relatively small voxel size (in an effort to allow for a 

reasonable degree of anisotropy), both the simulated and experimental results showed that the 

degree of anisotropy was very high and as a result the stiffness was highest in the superior-

inferior direction and lowest in the medial-lateral direction.  The tissue modulus ranged from 5.5 

to 7.7 GPa and had an average of 6.6 GPa [45]. 
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Figure 2.5 – Three-dimensional images of cancellous bone from a human L1 vertebra.  The 

images on the right are magnifications from the boxed areas on the left, including 

damage/fracture to a trabecular strut for V1 (taken from [45]) 

 

 Continual refinement in FE code and advancements in computing power have allowed 

more recent studies to make fewer simplifying assumptions and incorporate non-linear behaviour 

(or at least remove the simple linear assumption) in the calculation of tissue modulus.  Neibur et 

al employed bi-linear behaviour, tissue strength asymmetry, and high-resolution FEA to calculate 

a mean (SD) tissue modulus of 18.7 ± 3.4 GPa for cancellous bone from a bovine tibia [46].  

They also noted numerous regions of tension during compressive testing of the cancellous 

network (hence the bi-linear assumption, giving two different behaviours for tension and 
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compression), and that yielding was often only found in trabeculae from regions of the bone that 

experienced strains consistent with flexion. 

 Using slightly lower strain rates (0.5% s
-1

, compared to the 1% s
-1

 commonly seen in the 

literature), Bayraktar et al compared the compressive and tensile behaviour of cancellous bone 

tissue to that of cortical specimens and found that there was no statistical difference [10].  The 

average (SD) cancellous and cortical moduli were 18.0 ± 2.8 GPa, and 19.9 ± 1.8 GPa, 

respectively.  It was also observed that the tissue elastic and yield strain properties were 

―remarkably similar.‖  The authors believed themselves the first to examine the yield behaviour 

of cancellous tissue (by loading to the 0.2% offset yield point) through the use of non-linear FEA.  

The post-yield modulus of cortical tissue was 1.03 ± 0.04 GPa, which compares well to the 

modulus of collagen [12, 21].  This observation reinforced the belief that collagen has a large 

influence on the post-yield behaviour of bone. 

 Clearly as simplifying assumptions have been removed from the FE method, coinciding 

with increases in computing power, reported moduli for bone tissue have increased from around 6 

GPa to upwards of 18 GPa, which surpasses Wolff’s assumption of 15 GPa and falls more in line 

with the idea that cancellous bone tissue has the same modulus as cortical bone tissue.  This could 

mean that improvements to mechanical methods may yield similar ―improvements‖. 

2.4.3 Other Techniques 

 In addition to classical mechanical testing and computational methods, some groups have 

employed novel techniques such as ultrasound and nanoindentation.  Ultrasound methods rely on 

the propagation of waves through a material and a function relating the velocity of waves, v, in 

the i direction to the material’s stiffness, E, by Equation 2.1: 

      
                                                                (2.1) 
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where ρ is the density (apparent or bulk) of the structure.  Also, for this technique to be accurate 

the wavelength must be larger than any characteristic feature of the structure (i.e. struts and 

pores) as well as the cross-sectional dimension of the sample [9].  Ashman et al compared 

ultrasound testing of bovine bone to tensile testing with a low strain rate (10
-4

 s
-1

) using a 

piezoelectric device emitting vibrations at 50-75 kHz, inducing waves of λ ≈ 1-2 cm in the bone 

[6].  Good agreement between moduli was found between bulk mechanical testing (Emech) and the 

ultrasound method (Eultra), with a nearly perfect linear relationship between the two (Emech = Eultra 

+ 23.3 MPa, r
2
 = 0.935).  However the experimental modulus varied widely from 300 to 3600 

MPa.  Still, the very good correlation between mechanical and ultrasonic techniques indicated 

that any potential issues with wave propagation through a porous network may not be as 

significant as initially thought. 

 Turner et al used scanning acoustic microscopy (instead of a custom piezoelectric 

transducer device), validated across a range of materials, to evaluate the tissue modulus of 

cortical and cancellous bone taken from a human femur [29].  Although the statistical power of 

this study was low due to a small number of samples (two samples, one cortical and one 

cancellous, were taken from a single donor due to non-destructive nature of the acoustic method), 

the results showed a modulus of approximately 17.5 GPa with a standard deviation of 1.12 GPa 

for cancellous bone.  This value was lower than that for the axial modulus of cortical bone (20.55 

± 0.21 GPa), but the degree of anisotropy (ratio of axial to transverse moduli) was about equal in 

both cortical and cancellous bone. 

 Turner et al also employed nanoindentation, a technique that is widely used in the 

materials science community for ―probing the mechanical properties of thin films, small volumes, 

and microstructural features‖ [14].  This method uses a small indenting tip (on the order of 5 µm) 

to create small, permanent deformations on the surface of a material.  The size of the plastic 
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deformations, as well as the force data from the loading/unloading curves (Figure 2.6) can then be 

used to calculate material properties such as Young’s modulus and hardness, on microscopic 

scales. 

 

Figure 2.6 – Sketch of a typical loading and unloading curve for a nanoindentation test [47] 

 

 Another advantage afforded to nanoindentation is the ability to do multiple tests on a 

single sample as the testing is non-destructive and requires only a few microns of space for each 

test.  Given that the indenters are usually coupled with a high-powered microscope (to pick 

locations for testing and to measure the indents, much like a Vickers hardness test), this technique 

can even differentiate between lamellar and woven bone [25].  It has also been used to evaluate 

the anisotropy of cancellous bone tissue, which would otherwise be nearly impossible with 

mechanical testing methods [14].  However, the technique also requires extensive sample 

preparation to prepare very smooth surfaces, using a polishing process very similar to 

metallographic techniques. 

 A survey of the literature concerning nanoindentation studies of cancellous bone reveal 

moduli that are, on a whole, higher than those seen in mechanical tests.  Rho et al used 

nanoindentation to determine the moduli of human thoracic vertebral cancellous bone (13.5 ± 2.0 
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GPa) and tibial cortical bone; both osteonal (22.5 ± 1.3 GPa) and interstitial lamellar (25.8 ± 0.7 

GPa) [14].  These results indicate that cancellous bone may have a lower modulus than cortical 

bone, but the different locations make direct comparisons somewhat more difficult as 

mineralization was not taken into account. 

 Roy et al tested cancellous bone from multiple locations within a human L-1 vertebra in 

multiple directions (Table 2.1), with a notably high modulus for cancellous bone cut transversely 

(hence tested axially).  The bone was dehydrated in ethanol, as was necessary for proper sample 

preparation, which would produce a higher hardness and modulus, but a modulus of 22.7 GPa 

was unexpectedly high [47].  

Table 2.1 – Results from Roy et al’s nanoindentation testing of human L-1 vertebra, including 

meanings of abbreviations [47] 

 

 

 In the same year, Turner et al, using bone sourced from a human femur, found an axial 

trabecular modulus of 18.14 ± 1.7 GPa, and cortical moduli of 23.45 ± 0.21 GPa and 16.58 ± 0.32 

GPa in the axial and transverse directions [29].  Another study in 1999, by Zysset et al, reported 

slightly lower moduli, with 11.4 ± 5.6 GPa for cancellous bone, and numbers ranging from 15.8 

to 21.2 GPa for osteonal and lamellar bone [25].  Finally, Chevalier et al reported a modulus for 

cancellous bone of approximately 20 GPa, again using nanoindentation [11]. 

 In a study more relevant to this thesis, Wang et al employed nanoindentation on bovine 

bone sourced from a tibia, again from multiple locations and in various orientations.  Results 
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(Table 2.2) show that cortical bone tested longitudinally still seems to have a higher modulus than 

cancellous bone tested in the same orientation [30].  The same stands for bone tested in the 

transverse direction.  This, coupled with the data from Currey mentioned earlier, suggests that 

bovine bone may have a higher modulus than human bone. 

Table 2.2 – Results from Wang et al showing modulus and hardness values for bovine bone [30] 

 

2.5 Summary of literature review 

From the data presented in this chapter, it is clear that there is no good agreement on the 

elastic modulus of cancellous bone tissue.  However, there are many confounding issues that 

could give rise to these differences.  As mentioned, bone is far from being a homogeneous 

material at any length scale and is considerably anisotropic.  It grows in an orientation that resists 

principal stresses for a given anatomic region and therefore will be stiffer and stronger in specific 

directions dictated by anatomy.  The mineral phase, which gives bone its stiffness, is not 

distributed uniformly within bone due to the natural remodelling processes, which leads to local 

variations in bone stiffness.  In addition, although chemically and structurally similar, different 

species’ bones exhibit varying degrees of stiffness.  This variation also occurs between animals of 

the same species and even between sites within the same animal. 

Furthermore, there have been many attempts to determine the modulus through a variety 

of ways.  Many of the mechanical methods have relied on large amounts of machining which has 

the potential to damage the bone, but was considered necessary to perform proper solid 
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mechanics calculations.  It is this area that will be sought to be improved in this thesis.  Table 2.3 

presents a summary of selected works thought to best sum up the information presented in this 

chapter. 

Table 2.3 – Compilation of important results from a review of the literature 

Author (year) Methods Reported Moduli Notes 

Townsend (1975) 

[35] 

Buckling of individual 

trabeculae (human), wet and 

dry 

Ewet = 11.4 GPa 

Edry = 14.1 GPa 

Sourced from medial tibia 

Kuhn et al (1989) 

[13] 

Three-point bending, 

machined cortical samples 

and milled trabeculae 

(human) 

Ecortical = 3.81 GPa 

Etrabeculae = 4.89 GPa 

Used Timoshenko’s beam 

theory, assumes elastic 

isotropic behaviour 

Choi et al (1990) 

[15] 

Same as Kuhn (1990), bone 

from human tibia 
Ecortical = 5.44 ± 1.25 GPa 

Etrabecular = 4.59 ± 1.6 GPa 

Also examined size effect 

on machined samples; 

smaller samples had lower 

moduli 

Choi et al (1992) 

[16] 

Four-point bending, 

machined cortical samples 

and milled trabeculae 

(human) 

Ecortical = 6.75 ± 1.00 GPa 

Etrabecular = 5.72 ± 1.27 GPa 

No significant difference in 

experimental modulus 

when compared to three-

point bending 

Rho (1997) 

[14] 

Nanoindentation,   human 

cancellous, lamellar, and 

osteonal bone 

Eosteonal = 25.8 ± 0.7 GPa 

Elamellar = 22.5 ± 1.3 GPa 

Etrabecular = 13.5 ± 2.0 GPa 

Cancellous bone from T-12 

vertebra, lamellar and 

osteonal bone from human 

tibia 

Niebur (2000) 

[46] 

FEA assuming different 

moduli in compression and 

tension 

Etissue = 18.7 ± 3.4 GPa Bovine tibia, used µCT for 

3D model 

Wang (2006) 

[48] 

Nanoindentation of bovine 

bone in multiple directions 
Eosteons = 24.7 ± 2.5 GPa 

Elamellae = 30.1 ± 2.4 GPa 

Etransverse = 19.8 ± 1.6 GPa 

Moduli for osteons and 

lamellar bone are for 

testing in the longitudinal 

direction. 
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Chapter 3                                                                 

Design of a Micromechanical Testing Device 

 From the review of the literature, it is clear that there are still discrepancies between 

various groups’ results in attempting to determine the mechanical properties of cancellous bone 

tissue [10, 11, 13-15, 25, 27, 29, 30, 35, 41, 43-45, 49].  Although nanoindentation has become 

the gold standard for measuring the properties of small samples, mechanical testing is still the 

fastest and easiest method, with the additional advantage of being much less expensive.  

Therefore, ―classical‖ mechanical testing still deserves attention in attempts to determine physical 

characteristics of cancellous bone.  This chapter will describe the materials and methods used to 

design and validate a testing frame made with the intent of determining the modulus of elasticity 

of cancellous bone tissue. 

3.1 The Micromechanical Testing Device 

3.1.1 Load Frame 

 The basis for the testing frame was a BioMomentum (formerly BioSyntech) Mach-1 

―A‖ class micromechanical testing device, shown in Figure 3.1.  The system consisted of three 

basic parts – the frame, a manual positioning device, and the vertical stage.  The frame consisted 

of a base plate, two cylindrical rails, and an upper brace joining the tops of the rails.  A 

crosspiece, whose position can be fixed via two clamping levers, slides along the rails and serves 

as the attachment point for the load cell.  The manual positioning device was a Newport® model 

436 providing up to two inches of horizontal adjustment, which was driven by a Newport® AJS-

20-2 manual actuator.  The vertical actuator was a Newport® GTS30V series, whose 

specifications are seen in Table 3.1.  The system was controlled by a Newport® model ESP300 
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Universal Motion Controller/Driver, which was connected to a desktop computer running 

Microsoft® Windows® XP (Service Pack 3). 

 

Figure 3.1 – Mach-1 assembly 

 

Table 3.1– Technical specifications for Newport® GTS30V 

Travel Range 30.0 mm 

Reproducibility 0.05 µm 

Bi-directional Repeatability ±0.2µm 

Maximum Velocity 10 mm/s 

Minimum Velocity 0.1 mm/s 

Maximum Capacity ±4 kg (±40 N) 
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 A 1 kg Honeywell model 34 miniature bonded foil load cell was used to measure forces 

with a resolution of 510
-4

N and a full scale linearity of ± 1.5 g (0.015 N).  The load cell was 

connected to a National Instruments™ NI SCC-68 I/O block that transferred data to the computer 

with a NI™ PCI 6220 DAQ card.  All of these specifications are sourced from their respective 

data sheets, which have been compiled in Appendix A. 

 The Mach-1 Motion software, used for both stage motion control and data acquisition, 

is capable of executing numerous functions, such as finding contact, a simple displacement, a 

sinusoidal displacement, or a stress relaxation test, among others. Each function has parameters 

that can be changed and combined to form programs for mechanical testing and collecting 

numerical data. 

3.1.2 Design Considerations 

 The Mach-1™ provided an excellent starting point for testing of bone, but it was simply 

that – a platform to be adapted to a specific end use.  This necessitated the design of attachments 

that could perform the desired test, which in turn depended on the material, shape, and size of the 

samples being tested.  As stated in the previous chapter, trabeculae are often cited as being 

roughly cylindrical struts 0.1 mm in diameter and 1 mm in length before joining another strut 

[33], but such morphology occurs only far away from load-bearing surfaces.  Vertebral 

cancellous bone is more lamellar in nature and cannot simply be ―plucked‖ out of the bone, ready 

to test.  Therefore, some sample preparation was necessary, and this helped determine which form 

of testing was the most feasible while still appropriate.  The methods considered were standard 

tension, compression, and bending. 

 The effectiveness of potential designs was evaluated using several criteria listed below in 

Table 3.2.  These criteria were evaluated on a holistic basis similar to a Quality Function 
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Deployment (QFD), but without a numerical outcome.  Feasibility was considered the most 

important criterion with simplicity a close second.  These two criteria were used to evaluate and 

reject potential designs.  Those that remained were subjected to durability, integration, weight, 

and cost in order to converge upon a final prototype concept.  This concept was then evaluated 

based on theoretical precision to form an iterative design process to refine and develop the final 

designs to be used in testing. 

Table 3.2 – Design considerations and their impact on the design process, in order of decreasing 

weighting given in the design process 

Criterion Reasoning 

Feasibility 
Based on the ease of carrying out testing on 

trabeculae and manufacturing of parts  

Simplicity 
A less complex design will be easier to 

implement, and if necessary diagnose problems  

Durability 
The design must be rugged enough to perform 

repeated tests without degradation 

Integration Any attachments must connect to the Mach-1™ 

Weight 
A lightweight design reduces the influence of 

the attachments on the system’s function 

Cost 
Although no cost limit was explicitly set, parts 

were designed with minimal cost in mind 

Precision 
Attachments must have minimal influence on 

the readings of the load cell 

 

3.1.2.1 Bone 

 Bovine bone was chosen for a number of reasons: it was easy to obtain, considered a 

lower-level biohazard relative to human bone, did not require ethics approval (as would human 

bone), and had larger trabecular struts in comparison to human bone.  The larger struts were 

advantageous because they made both obtaining and testing samples somewhat easier when 
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compared to smaller human trabeculae.  Additionally, bovine bone is a well-researched material, 

meaning it would be easy to compare results against established figures.  

3.1.2.2 Testing Modes 

 Tensile testing is quite possibly the simplest method for determining the elastic modulus 

of a material.  It is a well-established protocol and is a ―direct test‖ in that the applied load and 

elongation are measured directly and are used to calculate the stiffness of the material.  However, 

it requires a specimen that is straight and well-aligned to be clamped or otherwise fixed to the 

load frame.  Multiple problems arise when smaller samples are considered.  First, the fixation, 

and therefore alignment, of small samples is difficult.  Another limitation is the inability to attach 

an extensometer to the sample, which is required for high precision strain measurement and 

removing any artifact from fixation methods such as gluing that may be present when relying 

solely on crosshead displacement. 

 Compression testing shares many of the same advantages as tensile testing, but with more 

disadvantages and difficulties.  Achieving an orthogonal sample orientation to avoid a bending 

moment becomes even more of an issue when compared to tensile testing.  Additionally, 

precautions must be taken to guard against buckling by ensuring a low aspect ratio.  Finally, as 

discussed in the previous chapter, it has been theorized that cancellous bone is oriented to deal 

with tensile stresses, and due to the anisotropy and structure of bone it is likely inappropriate to 

test individual trabeculae in compression. 

 Three- and four-point flexural tests carry the advantage of relatively simple sample 

preparation and ease of execution.  However, they are inherently sensitive to strain rate and 

sample geometry, and introduce the additional element of loading geometry - the size and shape 

of the parts that interface with the sample being tested.   Three-point flexural tests introduce a 
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shear stress to the sample, which transitions from a positive to a negative stress at the point of 

loading.  This means that the forces in the beam near the most likely point of fracture (greatest 

strain) are not purely bending-related axial forces.  However, careful sample preparation (to 

minimize structural stress concentrations), orientation, and test execution can mitigate or 

eliminate these concerns.   

 Four-point bending eliminates the shear stress around the point of maximum deflection, 

but requires the use of a deflectometer at the center of the span, as maximum displacement may 

not be accurately represented by that of the crosshead.  Additionally, it would have been much 

more difficult to design and manufacture a cost-effective four-point flexural setup that would 

operate at the length scale of trabeculae.   

 Upon evaluating each possible method of testing and their associated attachments 

according to the criteria in Table 3.2, the three-point flexural test became the best option.  This 

was mainly due to the relative ease of sample preparation and fixation (feasibility). However, the 

three-point option also provided a simpler testing procedure and minimal system weight while 

keeping cost to a reasonably low level. 

3.1.3 Attachments 

 To ensure accurate measurements, the apparatus and all attachments must have minimal 

deflection when compared to the material being testing.  Since the modulus of cancellous bone is 

not precisely known, for design purposes it was considered to be 20 GPa, or approximately equal 

to cortical bone (a ―worst case scenario‖).  Thus, any material choice and design must work to 

minimize deflection of the system to ensure accurate measurement of the bone.  However, the 

small dimensions of an individual trabecula make it somewhat easier, as the small cross-sectional 
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area of the sample yields higher stresses, and therefore strains, for a similar load when compared 

to a larger object such as the support or upper contact piece.  

 For ease of manufacture, 6061-T6 series aluminum alloy was chosen as the material from 

which attachments would be made.  The Young’s modulus of 6061 AL is approximately 69 GPa, 

which is at least three times that of bone.  Although steel is nearly three times as stiff as 

aluminum (E  200 GPa), the additional cost associated with machining and the very small size 

of samples meant that aluminum was an acceptable choice.  Technical drawings for all 

manufactured parts can be found in Appendix B. 

3.1.3.1 Flexural Base 

 The support piece determines a critical part of a flexural test – the span length.   A 

―good‖ flexural sample has a span to depth (or thickness) ratio of 16:1 [50].  Given that trabecula 

typically have thicknesses on the order of 0.1 mm, a span of approximately 20 mm would be 

reasonable.  However previous works indicate that the average specimen may be expected to have 

an aspect ratio of only l0:1 [12], which would require the use of more than one trabecular strut.  

This would effectively introduce stress concentrations in the form of surface discontinuities, 

which is undesirable.  In an effort to compensate for this, Timoshenko’s equation for the bending 

of short beams was employed because it accounts for the shear stress present in three point 

bending [39].  Additionally the support piece must be structurally robust to resist deflection 

during loading of the sample.  This consideration manifested itself in triangular supports that 

were more complex to make, but substantially increased the amount of material supporting 

samples. 

 Two support pieces were made: one with a large span of 4.17 mm (1.64 in) for validation 

purposes, and one with a smaller span of 0.79 mm (0.31 in) for the testing of trabeculae.  Both 
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pieces were made from 6061-T6 aluminum and are shown in Figures 3.2 (A) and (B).  The 

ASTM standard calls for rounded supports in an effort to reduce shear forces and contact stresses.  

This was not a problem for the larger piece, but proved difficult for the smaller one as the tops 

had to be finished by hand.  As if to prove this difficulty, the first completed small-span piece 

from the machine shop had to be returned due to the support pieces being different heights.  

However the second piece arrived free of observable and measurable imperfections and exhibited 

no quantifiable complications during testing. 

 

Figure 3.2 – (A) Small span flexural base and (B) Large span flexural base 

3.1.3.2 Top Piece 

 The purpose of the upper piece of the bending apparatus (Figure 3.3) was to apply a 

concentrated load on the top of the tested sample and to transmit the associated loads to the load 

cell.  From Figure 3.1, it can be seen that the upper piece hangs from the load cell, which in turn 

is suspended from the horizontal support strut of the load frame.  The top piece threads into the 

load cell providing a degree of angular adjustment for proper alignment.  This arrangement 

created a potential issue in that the weight of the upper piece could have an effect on the transient 

response of the load cell, although this would be much more of a concern if the loading was 

periodic or more rapid.  Still, minimal weight was considered desirable.   
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Figure 3.3 – Upper flexural testing piece.  Note that it threads into the bottom of the load cell 

 

 Aside from weight, it was of interest to create a part that provided a degree of 

adjustability and was serviceable.  The main concern was the ability to make the feature that 

actually touches the sample; due to the small size, a very thin upper piece was necessary.  

Creating such a small feature would be expensive and fragile so an ―integrated‖ design was 

discarded in favour of one with an inexpensive, replaceable contact point.  A simple steel razor 

blade was chosen for this purpose, as its tip is an appropriate size, in the neighbourhood of 50 µm 

(Figure 3.4), and the additional stiffness of steel when compared to aluminum was thought to help 

prevent deflections.  Four screws provided the ability to move the blade along the X-axis as well 

as rotation in the XY, XZ, and YZ planes.  Additionally, the razor blade was dulled by passing 

the cutting edge over a piece of slate approximately 50 times.  This was done to minimize the 

potential for cutting into samples, which is undesirable in flexural testing. 

 The piece was made of T6 6061 aluminum with a single edge razor blade and four M3 

screws.  The total mass was found to be 36.43 g, well below the goal of 100 g. 
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Figure 3.4 – Microscope image of the razor blade used for applying the flexural load 

3.1.3.3 Base Plate Adapter 

 The purpose of the base plate (Figure 3.5) was to create an interface by which the lower 

support for a flexural test could be rigidly fixed to the Mach-1 device.  The load frame’s stage has 

many threaded holes for attachments, as seen in Figure 3.6.  However, none were in a convenient 

place near the middle, which was critical for proper alignment underneath the load cell.  The 

adapter plate was made from 1020 steel, due to availability and lower cost of sheet steel when 

compared with aluminum.  Since the intended use of the device is at standard room temperature 

and humidity, no negative effects are anticipated due to the pairing of unlike metals.  However, if 

this device were to be used in an incubator, it would be expected that anodized aluminum and/or 

stainless steel could be used in place of the current materials. 
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Figure 3.5 – Base plate adapter detail                     Figure 3.6 – Vertical stage 

3.2 Validation 

 Once the initial design was completed, it was necessary to prove that the device could 

accurately determine the mechanical properties of materials with stiffnesses in the neighbourhood 

of bone.  This required obtaining samples of well-characterized materials across a range of 

moduli.  Given that most studies have found cancellous tissue to be in the range of 10 to 20 GPa, 

[12, 18] materials for validation were sought from at least an order of magnitude in each 

direction; 0.2 to 200 GPa.  There were two purposes to this validation; the first being to determine 

if the device provided reasonable data for material testing, and the second was to determine if 

there were any weak points in the design that could be improved. 

3.2.1 Material Selection 

 It was decided that commonly available and well-known materials would be the best for 

this purpose.  Callister’s Materials Science textbook was consulted as a preliminary survey for 

materials in the general range of 0.2 to 200 GPa, which were then sourced from the McLaughlin 

Hall machine shop and Nicol Hall laboratory.  A list of materials used for this study and their 

published elastic moduli can be seen in Table 3.3. 
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Table 3.3 – Materials used for validation and their published Young’s moduli [51] 

Material Young’s Modulus (GPa) 

Stainless steel 304 193 

Copper 115 

Polycarbonate 2.4 

Polymethyl methacrylate 2.5 – 3.2 

Polypropylene 1.5 – 2.0 

Low density polyethylene 0.2 

 

Polymers were important to the study as a varying degree of viscoelasticity could be used to 

avoid problems with such effects during the testing of bone.  Metals are much stiffer than bone, 

but if the system works well for something with a higher modulus, it can be assumed that system 

deflection will be small enough to characterize bone. 

3.2.2 Sample Preparation 

 Metal samples were obtained by cutting small lengths of thin wire (chosen with nominal 

diameters of 0.5 mm or less).  Although it placed limitations on the available material (i.e. those 

that came in wire form), the choice vastly simplified sample preparation.  The stainless steel was 

sourced from the McLaughlin Hall machine shop and the copper wire was supplied by Onno 

Oosten in McLaughlin Hall’s Tech Shop.  The copper wire had a polymeric coating that was not 

removed prior to testing, as more often than not attempting to strip the coating from the wire 

resulted in cutting the wire itself.  Due to the wire’s small diameter it was feared that the stripping 

could damage the copper itself and therefore introduce an extra uncertainty into the results.  

However, the Young’s modulus of the coating is lower than that of the wire by more than three 

orders of magnitude, and as such it was assumed to have no effect on the flexural testing. 
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 The polymers required more extensive preparation than the metals because they came in 

a ―dog bone‖ tensile form.  Test specimens were prepared by making transverse slices using an 

Allied TechCut 4 (Allied High Tech Products Inc., Rancho Dominguez, CA, USA), seen in 

Figure 3.7, mounted with a 0.015‖ (0.381 mm) thick diamond wafering blade and a micrometer-

like manual actuator with 1 µm resolution.  The cutting force was provided by a 45 Watt DC 

motor and assisted by two variable-position weights that could be used to provide from 0 to 300 g 

of extra force (zero force could be achieved by counterbalancing the material being cut) and 

coolant/lubrication was provided by a removable reservoir with an Allied-supplied, ethanol-based 

solution.  Samples were held in place for cutting with an Allied-made clamping ―single saddle‖ 

attachment (Allied part no. 5-5020, Figure 3.8).  The polymers were obtained from the Nicol Hall 

laboratory’s stock of standard tensile specimens for second year labs. 

 Prior to cutting, the reservoir was checked to ensure that the fluid was reasonably clean of 

debris, as the abrasive wheel produced a fine powder that, if not carried away by the cutting fluid, 

seriously reduced its effectiveness.  The sample to be cut was clamped as close to the saw as 

possible in an effort to minimize the amount of cantilevered material, which could deflect under 

cutting forces and result in a cut of non-uniform thickness. After clamping, the sample was 

―faced‖ by making a pass with the saw to create an orthogonal surface.  The sample was then 

moved 1 mm and a slice was cut at 200 rpm and with 300 g (2.94 N) of assistance. 

 Slices were cleaned with water, dried off, cut into thin ―sticks‖ and then measured with a 

set of Mastercraft digital calipers (Canadian Tire, resolution of 0.01 mm).  The midsection of 

each piece (nearest the likely point of flexion) was measured five times for both width and 

thickness, and a mean value was calculated.  The dimensions were recorded and then the samples 

were placed in individual cell culture wells to keep them organized until testing.   
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Figure 3.7 – Allied TechCut 4 sectioning saw (adapted from Allied catalogue) 

 

 

Figure 3.8 – Single saddle attachment (taken from Allied catalogue) 
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3.2.3 Testing Protocol and Data Analysis 

 Prepared samples were taken from their culture well and placed on the lower support 

piece in a three-point flexural setup.  The testing was carried out by a program composed of three 

separate steps, all done with the Mach-1™ Motion software.  The steps are outlined in Table 3.4 

Table 3.4 – Flexural testing program 

Step Description and Parameters 

1. Find contact Defined as +1 gram force 

Crosshead speed at 1 µm/s 

2. Wait Pause for 1 second 

3. Simple displacement Crosshead rate and distance defined by 

an engineering strain rate of 0.01 min
-1

 

and 10% strain, respectively 

 

 The 1 g preload was selected because it was the minimum load allowable in the Mach-

1™ Motion software.  In addition to specifying the crosshead rate and displacement limit, the 

program allowed for the sample dimensions to be entered, which were recorded in the output text 

file for subsequent analysis. 

 Since the literature often quotes linear strain rates, it was necessary to calculate an 

appropriate crosshead rate (speed at which the stage moved) to achieve a comparable flexural 

strain rate (rate of actual deformation of the material).  This was done by starting with a modified 

flexural strain equation (which is an engineering strain): 



 
6Dd

L2
                                                                (3.1) 
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where  is the flexural strain at the outer fibre, D is the crosshead  displacement, d is the sample 

thickness (or diameter, for circular geometries), and L is the span length.  Rearranging and taking 

the derivative with respect to time yields: 

d

L
D

6

2

               (3.2) 

Therefore, the crosshead rate depended on the sample thickness and the span length.  The strain 

rate, , was taken to be 0.01 min
-1

, which is comparable to values found in literature [13, 15, 50]. 

 Data analysis was done with a custom MATLAB® (The Mathworks™, Natick, 

Massachusetts) program, the full text of which can be found in Appendix C.  The program read 

the load (grams) and displacement (µm) data and converted them into more useful units: Newtons 

and millimetres, respectively.  The program then generated a load-displacement curve from which 

the user found and input what was believed to be the linear elastic region.  This was checked by 

the program by splitting the region of interest into ten windows and checking the slope of each 

window against the slope of the whole region, with a margin of ±5% being considered acceptable.  

If any window failed to meet the criteria, the program returned to the user input phase to redefine 

the linear region.  Once the linear region was successfully defined, then the program used the 

slope of the linear region to calculate the flexural modulus of the sample by equation 3.3 [39]: 



E 
P /D L3

48I
1 2.85 d /L 

2
0.84 d /L 

3             (3.3) 

where D, L, and d are as previously defined, and I is the area moment of inertia of the sample.  

The unit-converted load/displacement data, along with the stress, engineering strain, and 

modulus, were written to a spreadsheet file for statistical analysis and graph generation. 
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 A minimum of ten samples were tested for each material.  Statistical analysis consisted of 

a regression for each trial, and a mean and standard deviation for each material.  The 

experimental means were compared with published values to validate the machine’s accuracy, 

while the standard deviations reflected the precision. 
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Chapter 4 

Mechanical Testing of Individual Trabeculae 

 Once validation was complete, the process of testing of individual trabeculae still 

presented a few challenges, all related to the size and shape of cancellous struts.  The most 

significant of which was obtaining samples for testing, as the fibrous network of cancellous bone 

necessitated dissection and measurement under a stereomicroscope.  The next obstacle was 

determining the cross-sectional geometry of trabeculae in order to calculate a moment of inertia 

for flexural calculations.  This involved the use of micro-computed x-ray tomography (µXCT), 

which generated a three-dimensional scan of a representative slice of cancellous bone.  Once the 

size and cross-sectional geometry of the bone were both determined, the testing protocol and data 

analysis remained largely unchanged from the validation phase. 

 Individual trabeculae were sought for testing in an effort to minimize the potential for 

damage, such as microcracks, to have an influence on the results of mechanical testing.  This was 

seen as significant because the small size of individual trabeculae meant that even minor amounts 

of damage could have a large impact.  Due to the structure of vertebral cancellous bone, many of 

the plate structures were cut by the low-speed saw during preparation, creating samples with 

roughly rectangular cross-sections.  These were also tested due to their availability and were 

subsequently compared with unmachined and intact individual trabeculae, in part because of the 

paper by Rho et al [18] which examined machined cortical specimens. 

4.1 Imaging of Bone 

 Due to the size of individual trabecular struts, it was necessary to use imaging techniques 

to get a better understanding of the size and shape of the samples being tested.  The imaging 
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consisted of two different procedures; optical microscopy for the dissection and measurement of 

individual struts, and µXCT for observing the three-dimensional morphology. 

4.1.1 Optical Microscopy 

 Dissection and measurement were done under a Zeiss SteREO Discovery.V12 

stereomicroscope (Zeiss Canada, Toronto, ON), with objectives of 0.5X and 1.5X, along with a 

10X eyepiece and 12.5X main body, which provided a practical range of 8X to 150X.  The 0.5X 

objective allowed for a greater depth of field and free working distance of 151 mm (from Zeiss 

catalogue, Appendix A), measured from the bottom of the objective to the plane of focus, while 

the 1.5X lens was ideal for the finer details of measurement and post-test inspection.  However, 

this magnification came at the price of working space, with only 28 mm between the objective 

and the object.  Focus and zoom were motor-driven via two digital control panels (Figure 4.1), 

which provided readouts of zoom and Z-position of the objective.   

 

Figure 4.1 – Dimensioned schematic of the Zeiss microscope, with X, Y, and Z axes defined 

(taken from Zeiss Catalogue) 
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 The panels also provided the ability to specify a magnification and Z-position so all 

measurements could be done in a consistent manner.  Image acquisition and measurement of 

trabecular dimensions were done using Zeiss’ AxioVision software.  The program allowed the 

user to calibrate the measurement software to any obtainable magnification using only a known 

length.  Thus, measurements could be made on subsequent images as long as they were taken at a 

pre-calibrated magnification.  The software allowed the user to draw scale bars of various lengths, 

measure areas, and most importantly (for this project) linear distance.  This was done by selecting 

the appropriate measuring tool and clicking on the points between which a straight line was 

drawn and a measurement in µm was produced.  A representative image for this measuring 

process is shown in Figure 4.2. 

 

Figure 4.2 – Dimensioned trabecular strut demonstrating the output of measurement software 
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4.1.2 Micro-Computed X-ray Tomography 

 The flexural modulus equation used (equation 3.3) requires the area moment of inertia of 

the sample being tested.  This in turn necessitates knowledge about the cross-sectional geometry 

of the sample.  In order to do this for small samples with a potentially variable cross-section, 

micro-computed x-ray tomography (µXCT) scanning was employed.  To obtain a representative 

survey of geometries, imaging was done on a 3 mm thick slice of cancellous bone.  In order to 

comply with biohazard certification, the bone was potted in an acrylic, radiolucent cement. 

 Imaging was done by Brent Lievers in Nicol Hall using an Xradia MicroXCT-400© set 

to a 40 keV, 10 W, 250 µA particle stream.  The source and detector distances were set at 350 and 

337.5 mm, respectively, and an exposure time of 50 s was used.  The 0.5X objective gave a 

resolution of approximately 15 µm, and scanning took approximately 3 hours. 

 The output of the Xradia software was 181 images that, although being technically 

―standalone‖ pictures, required assembly for three-dimensional viewing and analysis.  

ImageVis3D, a free-source volume visualization tool, was used, as it is capable of rendering data 

that are larger than the capacity of the system’s memory.   

4.2 Bone Testing 

 After the validation procedures, the testing of individual trabeculae did not pose a 

significant challenge.  Indeed, the main challenge was in the isolation and measurement of 

samples.  Samples came from a fresh bovine L-4 vertebrae bought from Wallace Beef 

(Glenmorie, ON) within 6 hours of the cow’s death.  The vertebral columns came in the sagittal 

plane, and upon obtaining them, were immediately cut into individual vertebra and then wrapped, 

labelled, and frozen for future use. 
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4.2.1 Sample Preparation 

 Obtaining samples of individual trabeculae began with the thawing of frozen vertebrae 

for a minimum of three hours, as getting rid of any frozen water seemed to help with dissection.  

The transverse processes were cut off with a hacksaw and the remaining vertebra was placed in 

the ―bone‖ attachment (Figure 4.3) of the Allied TechCut 4™ low speed saw.  Slices 

approximately 0.7 mm thick were made using a cutting speed of 60 RPM and a force of 150 g (in 

addition to the weight of the bone).  The slices were then cleaned of marrow and fat, using a low-

pressure stream of deionized water from a WaterPik® classic water flosser, and patted dry. 

 

Figure 4.3 – Bone fixture, 2.25‖ wide (from Allied catalogue) 

 

 Individual trabecular struts were obtained by manual dissection under the 

stereomicroscope, using the 0.5x objective to provide more working space and a traditional 

laboratory dissection toolkit.  A typical view of the trabecular architecture can be seen in Figure 

4.4.  After dissection the struts were measured by both the microscope technique and by digital 

calipers.  As a result, many of the ―uncut‖ samples were measured by the caliper technique.  

Regardless of how they were measured, each sample’s thickness and width were measured five 
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times in different locations all nearest the midpoint of the strut.  These mean for each was 

reported. 

 Singh described the main vertebral cancellous bone structure as longitudinal fenestrated 

plates forming a ―meshwork of tubes‖ aligned along the axis of principal stress [33].  From 

Figure 4.4 it can be seen that there are also short transverse struts and the occasional longitudinal 

span.  Observation under the microscope led to the conclusion that many of the visible 

longitudinal ―struts‖ were the result of the saw cutting through a plate.  However, due to the 

―fenestrated plate‖ structure, some long struts had not been cut by the saw.  Those were targeted 

for dissection, although many cut plates ended up being dissected and tested as well. 

 Twenty two (22) trabeculae were obtained from the anterior portion of the L4 vertebra; 

ten (10) had experienced some kind of cutting along their center span, classified as ―cut‖, and 

twelve (12) that exhibited an ―uncut‖ cross-section.  After dissection, each strut was placed in a 

tissue culture well with saline to maintain hydration until testing. 
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Figure 4.4 – Image of trabecular architecture, with cortical shell visible at the bottom 

4.2.2 Testing Protocol 

 Measurements of the individual trabeculae were recorded and input into the Mach-1 

Motion™ program.  The testing procedure was identical to the one described in Section 3.2.3, but 

testing was only done using the long span support piece (L = 4.17 mm) due to results from 

validation (see Chapter 5).  Finally, samples were examined post-testing to ensure that there was 

no significant surface deformation.  Any grooving from the razor blade’s tip was measured and 

compared to the total displacement during testing.  A ratio of 20:1 (displacement:deformation) 

was considered acceptable while 100:1 was desirable.   
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 Testing of cancellous bone samples and analysis of data used the same procedure as the 

validation samples.  The cross-sections of machined samples were square or rectangular in shape, 

while the unmachined samples took on a ―stadium‖-like cross-section (Figure 4.5). 

 

 

Figure 4.5 – Stadium shape, with labelled dimensions 

As determined by Baratta [52], the area moment of inertia for this shape is 
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 It was difficult to reliably and consistently measure the radii due to the non-uniform cross 

section of the samples.  From the flexural modulus formula, it can be seen that the lowest 

calculated modulus involves the highest possible moment of inertia.  Thus it was assumed that the 

corner radius was equal to zero, resulting in the assumption of a square or rectangular cross-

section.  The moment of inertia equation could then be reduced to  



I 
bd3

12
                                                                (4.2) 

which is identical to the moment of inertia equation for a rectangular cross-section. 

4.2.3 Data Analysis 

 Data from testing each sample were recorded in separate tab-delimited text files which 

were then analyzed using the MATLAB® code described in Section 3.2.3 to determine the 

flexural stresses, engineering strains, and moduli.  Means and standard deviations were found for 

each pool (cut and uncut) and the two groups were compared to each other. 

r 
d b 



 

 53 

Chapter 5 

Results 

5.1 Introduction 

Experimental results are presented in this chapter.  Data from validation testing can be 

found in the first section. The second section will begin with images from the μXCT scanning 

and optical measurement of samples, and the third section presents data from the mechanical 

testing of individual trabeculae. 

5.2 Validation 

As mentioned in Section 3.2.3, it was necessary to determine the slope of the load-

displacement curve in order to calculate the modulus of the material.  Figure 5.1 shows 

representative linear sections for each material and each span.  A full compilation of these figures 

can be found in Appendix D.  It should be noted that the slopes of these curves cannot be 

compared directly with each other as the dimensions of the sample are required to determine the 

modulus.  The slopes obtained from these graphs were then used to calculate the experimental 

moduli using Equation 3.3.   

A summary of the results from the analysis of data for each material is shown in Table 

5.1.  In addition to the calculated mean (±SD) moduli, the theoretical moduli, aspect ratios 

(length/thickness) and number of samples are presented.  As was noted in Section 3.1.3.1, the 

ideal aspect ratio is at least 16:1, which was only achieved in two materials (copper wire and 

polypropylene) using the long span.  Furthermore, there is no standard deviation on the aspect 

ratio for copper because a nominal diameter (specified by the manufacturer) was assumed for all 

samples.
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Figure 5.1– Load-displacement curves for each material.  From top to bottom; polypropylene 

(PP), polymethyl methacrylate (PMMA), polycarbonate (PC), copper (Cu), and stainless steel 

PP Short PP Long 

PMMA Short PMMA Long 

PC Short PC Long 

Cu Short Cu Long 

SS Short 
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(SS). Left column is short span, right is long span.  Note that stainless steel testing was done on 

the short span only 

Table 5.1 – Summary of validation results, abbreviations used: PP (polypropylene), PMMA 

(polymethyl methacrylate), PC (polycarbonate), SS (stainless steel) 

Material 
Eshort span 

(GPa) 
L/daverage n 

Elong span 
(GPa) 

L/daverage n 
Etheoretical 

(GPa) 
Comments 

 
PP 

0.0927 ± 
.0426 

1.64 ± 
0.20 

10 
1.52 ± 
0.18 

8.31 ± 
2.35 

9 1.4 
Wide range of 
results on small 
span 

 
 

PMMA 
0.451 ± 
0.189 

2.46 ± 
0.35 

9 
2.30 ± 
0.54 

7.52 ± 
1.23 

9 2.5 

Discarded 
specimens six 
and seven, 
moduli were 
over 20 

 
 

PC 
0.590 ± 
0.240 

3.72 ± 
1.07 

10 
2.28 ± 
0.12 

15.9 ± 
6.9 

6 2.38 

Discarded four 
samples that 
were too short 
for long span 

 
Copper 44.6 ± 

11.0 
7.94 9 

116 ± 
12 

26.1 9 110 

Could not strip 
coating off of 
wire without 
cutting wire 

 
SS 

1.39 ± 
0.15 

1.69 8 -------- -------- --- 193 
Exhibited 
surface 
deformation 

 

 The calculated moduli were plotted against their theoretical values from the literature 

[51]  and are shown in Figure 5.2, fit with a least-squares line.  A slope of one and an intercept of 

zero in the y = mx + b equation of the line is considered to be ideal.  Note that there is one more 

point for the ―short span‖ data as stainless steel was not tested on the long span. 
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Figure 5.2 – Validation data, including results from copper and steel samples 

 Figure 5.3 removes the data from the metal samples, due to the fact that the metals 

―dominate‖ the graph and the line of best fit. 

 

Figure 5.3 – Validation data from polymer testing, long span (blue) and short span (pink) 
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5.3 Imaging 

5.3.1 Micro-XCT Scanning 

In order for the µXCT data to be rendered in three dimensions, the raw data file was 

converted into a stack of 1531 tagged image files, an example of which is seen in Figure 5.4. 

 

Figure 5.4 – Image slice #113 from µXCT scan, chosen to highlight a trabecular strut.  The scale 

bar represents 5000 µm. 

 

Since the acrylic used to encase the sample is not completely radiolucent, it shows up as a 

lighter gray background in Figure 5.4.  This also resulted in the reconstructed 3D image showing 

up as simply a ―block‖, shown in Figure 5.5 A.  This necessitated the use of ImageVis3D’s 

transfer function control panel, which essentially allows the user to filter out certain densities 

(lower, i.e. darker, greyscale values in the 2D slices).  Doing so pared away the acrylic artifact, as 

seen in Figures 5.5 B and C. 

 

Figure 5.5 – Image sequence showing how the transfer function ability of ImageVis3D reveals 

the more radiopaque bone 

 

 Automated image processing was attempted to create a more repeatable process.  The 

image stack was converted from a greyscale to a binary black and white format using ImageJ.  

Figure 5.6 shows the same slice as Figure 5.4 after this processing, and the two rendered 3D scans 

are shown in Figure 5.7 to qualitatively compare results from manual and automated processing.  

A B C 

Epoxy 

Bone 
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The corners of the scan (which appear to be a solid mass) in the lower left region of each image in 

Figure 5.7 are artifacts due to the clamping device used to hold the sample during scanning. 

 
Figure 5.6 – Binary image of slice # 113 from automated processing 

 

 

Figure 5.7 – Rendered µXCT scans by different processes – (A) by manual transfer function after 

rendering and (B) by automated conversion to binary prior to rendering 

 

 Due to the repeatability of the thresholding method, the images generated were chosen as 

the ones for subsequent rendering and analysis.  Once the scan was successfully rendered and the 

trabecular network visible, ImageVis3D was used to rotate about and zoom in on the 3D image, 

which allowed observation of trabecular morphology.  Figure 5.8 shows an alternate point of 

view that corresponds to the expected bone structure [33].  

A B 
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Figure 5.8 – Zoom of 3D reconstruction showing struts typical of those isolated for mechanical 

testing (circled in red) and Singh’s Type IIIc architecture 

 

5.3.2 Optical Microscopy and Measurement of Bone 

Representative images of those used to determine the dimensions of isolated individual 

trabeculae are shown as Figure 5.9 to illustrate the difference between ―cut‖ and ―uncut‖ samples.  

Magnification was generally 20X using the 1.5X lens.  A summary of the measurements can be 

found in Tables 5.2 and 5.3.  Recall that the reported widths and depths are average values for 

multiple measurements taken at or near the midpoint in an effort to account for the non-constant 

geometry.  For all samples the measurements varied by less than 5% at the measured points. 
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Figure 5.9 – Images from optical microscope measurement of trabecular samples. (A) and (B) are 

from sample 9 of the ―cut‖ group, (C) is from sample 7 of the ―uncut‖ group 

(C) 

(B) 

(A) 
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Table 5.2 – Summary of measurements for individual trabeculae (cut samples) 

Sample Number Width (mm) Depth (mm) I (mm
4
) 

1 0.57 0.13 0.00010 

2 0.29 0.13 0.000053 

3 0.56 0.13 0.00010 

4 0.68 0.18 0.00033 

5 0.71 0.38 0.0032 

6 0.44 0.26 0.00064 

7 0.48 0.19 0.00027 

8 0.75 0.6 0.014 

9 0.62 0.21 0.00048 

10 0.58 0.19 0.00033 

Mean (SD): 0.57 ± 0.14 0.24 ± 0.15 0.0019 ± 0.0042 

 

Table 5.3 – Summary of measurements for individual trabeculae (uncut samples).  Samples 4 and 

7 (denoted with *) were discarded and were not used in calculations of means due to damage 

Sample Number Width (mm) Depth (mm) I (mm
4
) 

1 1.06 0.36 0.0040 

2 0.94 0.43 0.0062 

3 0.80 0.28 0.0015 

4* 0.86 0.44 0.0060 

5 0.46 0.26 0.00067 

6 0.67 0.32 0.0018 

7* 0.76 0.36 0.0030 

8 0.36 0.31 0.00089 

9 0.45 0.32 0.0012 

10 0.86 0.41 0.0049 

11 0.615 0.42 0.0038 

12 0.62 0.34 0.0020 

Mean (SD): 0.68 ± 0.23 0.34 ± 0.06 0.0027 ± 0.0019 

 

5.3.3 Mechanical Testing 

The results are split into two parts; cut and uncut specimens.  The data for the ―cut‖ 

samples will be presented first, followed by the data for ―uncut‖ ones.  An unprocessed load-

displacement curve from the testing of ―cut‖ sample #1 and its corresponding post-MATLAB 

processing linear section are shown in Figure 5.10.  The remainder of the load-displacement 

curves can be found in Appendix E. 
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Figure 5.10 – Representation of how the developed MATLAB program found the linear section 

of a load-displacement curve.  Data are from specimen #1 from the ―cut‖ sample pool 
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 Using the slope of the load-displacement curves, the experimental moduli for the samples 

were calculated and are reported in Table 5.4. 

Table 5.4 – Compiled results for individual trabeculae with cut cross-sections 

 

 

Figure 5.11 shows a raw and processed load-displacement curve for specimen #1 of the ―uncut‖ 

samples, and Table 5.5 contains a summary of experimental results. 

Sample 
Number 

Modulus 
(GPa) 

1 1.34 

2 2.62 

3 3.67 

4 1.95 

5 0.68 

6 0.83 

7 2.37 

8 0.76 

9 9.08 

10 4.34 

Mean (SD): 2.6 ± 2.7 GPa 
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Figure 5.11 – Raw and processed load-displacement curves from sample #1 
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Table 5.5 – Compiled results for individual trabeculae with uncut cross-sections.  Note that the 

calculated mean does not include samples 4 or 7 

Sample 
Number 

Modulus 
(GPa) 

1 16.2 

2 13.9 

3 18.9 

4* 0.187 

5 13.5 

6 18.3 

7* 0.845 

8 12.9 

9 14.8 

10 12.1 

11 15.6 

12 16.6 

Mean (SD): 15.3 ± 2.3 GPa 

 

Figure 5.12 shows the modulus for each group, for a graphical representation of 

experimental results.  A two-tailed unpaired t-test showed that the average moduli between 

groups were significantly different (p = 1.665 × 10
-6

). 

 

Figure 5.12 – Graphical compilation of mechanical testing results for all individual trabeculae 
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Chapter 6 

Discussion 

6.1 Introduction 

 In this chapter the important findings from the previous chapter will be discussed.  In 

addition, various aspects of the experiments subject to error will be analyzed. 

6.2 Validation 

 The data in Table 5.1 clearly show that the experimental moduli from testing on short 

span piece are nowhere near their published values and in fact severely underestimated all of the 

moduli.  It is thought that the short span length created a situation where the aspect ratio (span 

length:sample thickness) was well below the ideal minimum of 16:1.  Indeed the aspect ratios of 

samples on the short span were all less than 4:1 (with the exception of copper) and greater than 

7:1 on the long span.  It is believed that Timoshenko’s correction is not powerful enough for 

severely low (less than 8:1) aspect ratios.  It is also possible that the short span length led to 

surface deformation in samples, as was observed in the steel.  As there was no attempt to quantify 

this deformation no subsequent numerical analysis was possible. 

From Figure 5.1 and Table 5.1 it can be seen that the Mach-1 machine and designed 

attachments (when using the long span) are capable of producing flexural testing results whose 

experimental values are within 10% of those found in the literature (a number which comes from 

comparing the standard deviation to the mean for each material’s calculated modulus).  This gives 

confidence that subsequent work is also acceptably accurate.  However, the ―long span‖ piece 

used in flexural testing (Figure 3.2 B) has a design feature that may lead to inaccurate results.  As 

test specimens begin to deflect during loading, the point of contact between test piece and support 

may change, effectively decreasing the span length.  This is due to the radius of the contact points 
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being large in comparison to the span length.  It was not observed, but some samples did go 

through sufficient deflection to the point where it could be reasonable to be concerned that the 

contact points may have changed, decreasing the effective span length. 

 Although it was not directly observed, it is important to acknowledge this inherent 

weakness and either account for it or eliminate it in future studies.  A sensitivity analysis 

(assuming a constant load/deflection curve) of Equation 3.3 revealed that apparent modulus 

decreases as the error in span length increases, as seen in Figure 6.1.  From inspection it would be 

expected that the erroneously calculated modulus would decrease by a cubic function, but as the 

amount of error in the span length was likely very small a linear assumption provides an excellent 

fit as evidenced by the high R
2
 value. 

 

Figure 6.1 – Decrease of apparent modulus as span length is decreased for a flexural test.  This 

assumes that the slope of the load/deflection curve does not change.  Data used for this analysis 

were from the testing of trabecular sample #1 (long span). 
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them.  There certainly are ways of determining the span length, but the large radii of the contact 

points is ultimately a design flaw and the piece should be replaced by one with supports much 

like a dull knife blade; thin yet not sharp.  Furthermore, an adjustable span length may be 

desirable for future studies so that the aspect ratio of samples is not a concern. 

 Along with the actual equipment, the method used to test the materials must also be 

examined.  Most methods of mechanical testing advise constant strain rates for a standardized 

size of test piece.  Since it was difficult to control specimen geometry (except in the case of the 

metal wire), and linear strain in bending depends in part on the size and geometry of the beam, 

the crosshead rate had to be adjusted to ensure a constant engineering strain rate between 

samples.  This was seen as important because polymeric materials are known to have a 

viscoelastic response, which means that the apparent stiffness of the specimens depends on the 

strain rate in the material. 

 In order to determine appropriate crosshead rates, the dimensions of each sample had to 

be determined.  This presented a metrological challenge as digital calipers, while convenient, are 

only precise to 0.01 mm.  The assumed error of ±5 μm meant that the uncertainty in sample 

measurements was nearly ten percent.  From inspection of Equation 3.2, it would be expected that 

the engineering strain rate would change in proportion to ,/1 d a rectangular hyperbola.  A 

sensitivity analysis of engineering strain rate to error in the measured thickness of the sample is 

shown in Figure 6.2. 
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Figure 6.2 – Sensitivity of crosshead rate to changes in the measured thickness of a test specimen 

and a linear approximation of the curve.  The analysis assumes a span length of 4.17 mm, a strain 

rate of 1% min
-1

 and a nominal thickness of 0.5 mm 

 

 The slope of the line in Figure 6.2 indicates that the crosshead rate is somewhat sensitive 

to errors in thickness, as a 5% error in measurement results in a change of 10% in crosshead rate.  

Furthermore, the resolution of crosshead speed on the software was limited to 0.1 μm/s, which 

proved to be a significant obstacle to maintaining a constant strain rate between samples that had 

comparatively larger thicknesses. 

 The equation for crosshead speed also contained a term for span length, so the 

relationship between the two was examined, the summary of which can be seen in Figure 6.3. 
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Figure 6.3 – Sensitivity of crosshead rate to errors in measurement of the span length, and a 

linear approximation of the curve.  The analysis assumes a nominal span length of 4.17 mm, a 

strain rate of 1% min
-1

 and a sample thickness of 0.5 mm. 
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cutting position, would deflect under the smallest loads.  This effect was more pronounced with 

the more flexible materials, such as polypropylene.  As such, many of the samples were not 

perfectly rectangular, which presents a challenge in analysis.  This is due to the fact that the 

formulae used in the analysis assume a constant cross section.  Since the width of the cross-

section was not constant, and it was difficult to determine exactly where the point of maximum 

deflection (and therefore maximum stresses and strains) on the beam occurred, multiple 

measurements were made near the midsection of each specimen, and the mean was used for 

analysis.  However, examination of the stress, strain, and modulus equations reveals that sample 

thickness has a much greater effect than the width, and the thickness was uniform down to the 

resolution of the micrometers used to measure them.  An underestimate of width would result in 

an artificially low second moment of area which would cause an overestimate in the calculated 

modulus, and vice-versa.   

 Of note was an issue in preparing the copper wire samples.  It was found that attempting 

to remove the polyurethane insulation proved nearly impossible and usually resulted in breaking 

the wire.  It was also very difficult to ensure that no copper was scraped off by the stripping 

blade, as even a slight change to the nominal diameter of 0.16 mm (34 AWG) would result in a 

significant change in size and shape.  As a result, testing was done with the coating on under the 

assumption that the PU coating was significantly less stiff than copper (25 MPa, [51]) and, 

despite being the furthest possible away from the neutral axis of flexion, would have little to no 

effect on the experimental modulus.  Although the second moment of area of the coating is 

greater than that of the copper core, the moduli of materials differ by a factor of approximately 

4,400 which lends confidence to the assumption that the coating has a minimal impact on the 

experimental results. 
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 Flexural testing of stainless steel was not done on the long span for three reasons.  First, 

the reported Young’s modulus of steel is around 200 GPa, or ten times stiffer than the expected 

modulus of bone.  Although a system that is stiff enough to correctly determine the modulus of 

steel would be more than adequate for bone, it is unnecessary to prove it to that extent.  Next, the 

regression fit lines for validation testing on the short span with and without the data point for 

stainless steel were compared with the fit for just the polymers, as seen in Figure 6.5.  From 

Figure 6.5 it can be deduced that the combination of steel’s stiffness, sample dimensions, and 

small span length created a situation where the compliance of the system dominated the results.  

Additionally, some surface deformation was observed in the steel specimens post-test.  This is 

believed to be due to the dimensions of the wire being too large relative to the span and as a result 

resisting bending. 

 This deformation was not quantified.  It is believed that the combination of steel’s 

material properties and the aspect ratio of only 1.69:1 created a situation where flexion was 

unlikely, resulting in a calculated modulus very different from that which is published in the 

literature.  Since steel is much stiffer than bone, and the rest of the validation results (especially 

for copper) on the long span seemed to point towards an acceptable testing device, any plans to 

further test steel were discarded. 
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Figure 6.4 – Comparison of the slopes of fits for data from flexural testing on the short span.  

The top figure illustrates the decrease in the slope due to the low experimental modulus of steel, 

while the similarity between slopes of the line including copper, but not steel, and that of just 

polymers (seen in lower figure) can be seen in the pink lines of each figure. 
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6.3 Imaging 

6.3.1 Optical microscopy – measurement of samples 

 It was initially thought that the stereomicroscope, in addition to aiding in dissection and 

extraction of bone samples, would provide highly accurate and precise measurements of small 

objects.  In practice it was found that it provided precision equal to that of the digital calipers 

(resolution of 10 μm).  However, it was assumed that the microscope method was more accurate 

because it was easier to see the endpoints of the measurement.  It also allowed for enhanced 

observation of potential test samples which aided in the choosing of pieces that were straight, 

continuous, and had reasonably uniform cross-sectional dimensions.  Many potential specimens 

were rejected because they turned out to be complex shapes instead of simple beams.   

 Difficulty arose in establishing a system for ensuring the measurement of dimensions in 

orthogonal planes, as the development of a small jig for measurement could not be realized, in 

part due to fears of possible excessive clamping forces damaging the samples.  Care was taken in 

attempting to ensure that measurements were not confounded by parallax errors, but this could 

not be guaranteed, nor could any potential errors be quantified.  Although the microscope images 

lend confidence that an accurate measurement (i.e. limited only by equipment resolution, which 

was approximately ±5 µm, or about 1% of an average sample’s width) was achieved, this 

potential source of error still must be acknowledged.  If future studies were to include damage 

monitoring, investigating the use of a small clamping jig to ensure orthogonal orientations for 

measurement would be recommended.  For errors associated with measurement of the sample, 

please refer to Section 7.2. 
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6.3.2 Micro-XCT scanning 

 Although useful in qualitative observation, the data from the μXCT scanning did little to 

provide numerical results for this study.  Although quantitative data could certainly be pulled 

from the scans, they were done to observe trabecular architecture and to better understand the 

types of pieces that could and should be isolated for mechanical testing.  Indeed, inspection of 

Figure 5.7 reveals a series of parallel plates that resemble the IIIb type of structure described by 

Singh [33].  Since the cement used to encase the scan specimen is not perfectly radiolucent, it 

shows up as a slightly lighter gray field in the scan and manifests itself as a solid block in the 

three-dimensional reconstruction (see Figures 5.4 and 5.5).  Fortunately, ImageVis3D’s ability to 

filter out different greyscale values based on an 8-bit gradation (voxels assigned an intensity 

value from 0 to 255).  This process needed to be done manually, which creates a time-consuming 

process to first become proficient with the software and then to manipulate the various greyscale 

values to produce meaningful images.   

 The desire for automated image processing and previous experience led to the choice of 

using ImageJ’s thresholding feature.  Figures 5.6 and 5.7 illustrate just how well this process 

seems to work.  Closer examination of larger images (Appendix F) shows nearly no difference in 

the quality of the reconstruction.  Although a quantitative study was not done, it appeared that the 

light grey field from the potting acrylic was gone, as well as the ―spiral‖ pattern visible in Figure 

5.4, which appeared to be an artifact of the scan.  If future work is to be done using μXCT scans 

of acrylic-potted bone, then this approach may help expedite the processing by eliminating the 

need for the time-consuming adjustment of the transfer function.  The μXCT scan itself was a 

useful tool and provided adequate resolution to observe the architecture and morphology of 

cancellous bone.  Additionally, many groups have used μXCT scanning to generate meshes for 
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finite element analysis [10, 44, 45, 49], which could be a natural offshoot of the current research, 

or a subsequent project. 

6.4 Other factors affecting the experimental modulus of bone 

 The mean (SD) experimental modulus of ―uncut‖ samples was found to be 15.28 ± 2.26 

GPa, which is lower than numbers reported by Currey and Wang for bovine bone tissues [12, 30].  

However, there are many factors that have an effect on the stiffness of bone that, when examined, 

might aid in the comparison of data from this study to others.  In his book, Currey stated that the 

mineral content, or mineral volume fraction (MVf), of bones correlates well to the modulus [12].  

For example, the MVf of bovine tibia was 364 parts per thousand, while that of the bovine femur 

was 410 ppt and the human femur was 362 ppt.  The mineral content of bone was not measured in 

this study and determining it might help to increase confidence in the experimental modulus for 

bovine vertebral tissue and allow for more direct comparisons with other published values. 

 Another factor relevant to this study is the state of hydration of the bone being tested.  

Previous studies have found that wet bone specimens exhibit a lower modulus than dried ones 

from the same source [24, 35, 47].  Currey’s book did not report which type of bone (cortical, 

cancellous) was tested, or its state of hydration.  Townsend found that dried tibial trabeculae 

exhibited a nearly 24% increase in modulus during buckling testing [35], and Frasca noted that 

dry samples had a much lower fracture resistance than wet ones [53].  The bone in this study was 

frozen fresh and kept hydrated from the time a slice was cut by the saw to when it was set on the 

stage for mechanical testing, which suggests that higher moduli might be found if the bone was to 

be tested dry.  However, since the state of hydration from previous studies is unknown, some care 

must be exercised in comparing the results from this study to those reported by Currey.  Future 

work could include investigating any differences that may arise from testing dry samples. 
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However, if this were to be done work from Lievers et al [54] must be taken into consideration as 

dehydrated bone undergoes volumetric shrinkage.  If bone were to be measured wet and tested 

dry the result would be an underestimate of mechanical properties.  Additionally an attempt to 

quantify the mineral volume fraction would be confounded by this shrinkage, but the work by 

Lievers in 2009 does detail a method for calculating the true volume of dehydrated bulk 

cancellous bone. 

 Finally, the analysis of results must be discussed.  From both the microscope images and 

the μXCT scans it was clear that there were generally two types of samples being tested.  For the 

lack of better terms, ―cut‖ and ―uncut‖ were chosen.  This was meant to reflect the state, more so 

than the shape, of the samples.  However, the ―cut‖ samples were universally rectangular in their 

cross-sectional shape, while the ―uncut‖ samples exhibited an approximately rectangular shape, 

albeit with rounded edges, referred to as the ―stadium‖ shape.  Since it was difficult to measure 

the radii of the rounded edges, it was decided that the most ―conservative‖ approach would be 

taken.  In this case, it would mean overestimating the second moment of area so that the 

calculated modulus would be underestimated.  To that end, a sensitivity analysis was performed 

to examine the effect that the size of the radius of the corners had on the calculated modulus.  The 

analysis assumed constant sample dimensions (length, width, thickness) and slope of the 

load/deflection curve (Figure 6.5).  The full spreadsheet can be found in Appendix G. 
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Figure 6.5 – Effect of corner radius on moment of inertia and Young’s modulus.  The radius 

values go from 0 (a rectangle) to half of the sample’s thickness (semicircular ends) 

 

 From figure 6.5, it can be seen that the assumption of a rectangular sample yields the 

lowest calculated modulus, all other things being equal.  The effect of corner radius is quite 

strong, with an approximately 25% increase in Young’s modulus from rectangular to fully 

rounded corners.  Therefore, it is possible that the mean modulus from the ―uncut‖ samples is 

actually somewhat higher than indicated.  Future work could make use of the μXCT scanning to 

target specific struts, which would allow better knowledge of the cross-sectional shape and size 

and result in a more accurate calculation of the specimen’s modulus. 
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Chapter 7 

Conclusions and Recommendations 

 

 In this study a machine and protocol were developed and validated in an attempt to 

determine the stiffness of cancellous bone tissue.  Bovine vertebrae were chosen due to their 

availability and in hopes that a larger animal would have larger trabeculae, somewhat simplifying 

the issues of extraction and testing.  The elastic modulus of uncut bovine vertebral cancellous 

bone was calculated to be 15.3 ± 2.7 GPa, while samples that were determined as being cut had a 

modulus of 2.6 ± 2.7 GPa. 

7.1 Conclusions 

 The Mach-1 load frame is an excellent starting point for a micromechanical testing 

machine.  The validation work in this study showed that the attachment pieces 

created a device that was capable of providing results within 10% of published 

values for flexural tests of materials with moduli spanning a range from 2 to 100 

GPa.  However, there are areas where the device and protocol can likely be 

improved, such as the design of the lower support piece, monitoring and/or 

quantifying any damage done to the samples during preparation, and determining the 

mineral content of the bone, among others. 

 Micro x-ray CT scanning proved to be very effective in determining the structure 

and morphology of cancellous bone tissue.  Samples were identified as either ―cut‖, 

having been cut by the low-speed saw on at least one side, or ―uncut‖, appearing as 

thin struts with little to no evidence of contact with the saw.  These struts proved 

relatively simple to dissect and prepare for testing. 
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 The mean (SD) modulus of intact (uncut) specimens was found to be 15.3 ± 2.7 GPa, 

which is somewhat lower than values published by Currey (19.7 and 26.1 GPa for 

bovine tibia and femur, respectively), and Wang (30.1 GPa) [12, 30].  However, no 

indication was given by Currey as to whether the testing was done wet or dry, and 

the mineral content of the bone used in this study was not known.  In addition the 

bone was sourced from different anatomical locations.  These three factors make 

direct comparisons less simple.  Additionally, several factors in this study had 

potentially confounding effects on the results, including the assumption of a 

rectangular cross-section for the trabeculae, which may have underestimated the 

experimental modulus. 

 The mean modulus of specimens exhibiting contact with the saw (―cut‖) was found 

to be 2.6 ± 2.7 GPa.  This was significantly lower than that of the ―uncut‖ samples.  

The reason for this was not investigated and is not known, although it is thought that 

it is due to microdamage from the saw and dissection. 

7.2 Recommendations 

 The lower support for flexural testing had large radii and as such the contact point 

may have changed during sample deflection, effectively decreasing the span length.  

It should be redesigned such that the radii of the support pieces are much smaller 

than the gap between them.  At this point the author has no knowledge of any 

standard, but seeing as how the razor blade tip worked well for the loading piece, it 

would seem likely that they would serve well as support pieces too.  Another 

consideration would be having a metered, adjustable span to accommodate multiple 

sample sizes without changing pieces. 
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 With the redesigned equipment a new round of validation testing would be in order.  

Some testing that should accompany the validation includes: 

o Determination of the compliance of the system.  This could be done by testing 

materials that will not undergo appreciable deflection (through a combination of 

material properties and geometry) and observing the load/displacement curve. 

o Repeated, non-destructive testing of single samples to observe the repeatability 

of the device. 

o Determining the modulus of materials used for validation by traditional tensile 

testing.  This is especially true for polymeric samples whose moduli can vary 

large amounts depending on the molecular weight of chains for the particular 

batch. 

 To the author’s knowledge no study has been done examining the strain rate 

sensitivity of bone in flexural testing.  Knowing this could be useful in selecting and 

justifying a crosshead rate. 

 An attempt should be made to monitor and quantify microdamage that could occur 

when samples are being obtained.  This could also lead to improvements in the 

protocol if the current one results in unnecessary damage. 

 μXCT could be used to pre-select struts for isolation and testing, and even permit 

accurate measurement of the cross-sectional geometry, which would improve the 

accuracy of the calculation of mechanical properties.  A current challenge is that 

bone destined for the μXCT scanner is potted in acrylic due to a lack of a biohazard 

certification for the lab, which renders it rather inaccessible for subsequent testing.  
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Some radiolucent container that would satisfy biohazard is recommended to 

overcome this problem. 

 In order to further develop the understanding of the bone being tested, it is 

recommended that future work determine the mineral volume fraction of the 

vertebral bone, as previous studies have shown its strong effect on stiffness, and how 

it can vary between locations in the body. 

 Finally, destructive testing may be of interest.  A more robust load cell may be 

required, as would further validation work with the proposed new flexural support 

piece.  This could provide insight into post-yield behaviour of individual trabeculae, 

and help develop better models for whole bone behaviour. 
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Appendix A - Technical Documents and Specifications 

 

Figure A.1 – System specifications for the Mach-1™ device, with the specific class and load cell 

used for this research highlighted 
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Figure A.2 – Technical drawing for AJS20-2, high-precision manual stage position adjuster 

 

 

 

Figure A.3 – Drawing for model 436 crossed-roller bearing linear stage, with dashed line part 

showing how AJS20-2 connects to it 
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Figure A.4 – Technical details of Newport® GTS30V vertical actuator 
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Figure A.5 – Specifications for Honeywell Model 34 1 kg load cell used in data acquisition 
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Figure A.6 – Specifications for Carl Zeiss SteREO Discovery.V12 microscope 
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Figure A.7 – Electrical specifications for NI-SCC-68 input/output block 
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Figure A.8 – Physical specifications for NI-SCC-68 input/output block 
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Appendix B - Technical Drawings of Machined Parts 

 

 

Figure B.1 – Small-span flexural piece (dimensions in inches)

 

Figure B.2 – Large-span flexural piece (dimensions in inches) 
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Figure B.3 – Flexural top piece, with M6 thread to go into the load cell, eight M3 holes for the 

screws that adjusted and held the razor blade in place, and a central slot for the blade (dimensions 

in inches) 
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 Figure B.4 – Adapter plate that interfaces with the top of the stage (four countersunk corner 

holes) and the flexural support piece (two midline holes, dimensions in inches)  
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Appendix C - MATLAB Program 

%Analyzes all Mach-1 output files for a given material for  

%bending stress, strain, and modulus and writes to a file  

%"filename.xls" for subsequent graphical analysis 

 

warning off MATLAB:xlswrite:AddSheet 

check1 = false; %prevents advancing beyond span length check 

check2 = false; %prevents advancing beyond shape step 

while check1 == false & check2 == false 

    L = input('Span Length:\n (1) Short or (2) Long: ');  

    if L == 1 

        L = 0.794; 

        check1 = true; 

    elseif L == 2 

        L = 4.17; 

        check1 = true; 

    else 

        fprintf('You did not choose a valid option.\n'); 

    end 

    I = input('Cross sectional shape:\n 1 Square or 2 Round: '); 

    if I == 1; 

        check2 = true; 

    elseif I == 2 

        check2 = true; 

    else 

        fprintf('You did not choose a valid option.\n'); 

    end 

end 

 

%Prompt for material, makes savefile name 

mat = input('Material to analyze: ','s'); 

numfiles = input('Number of files to analyze: '); 

for i = 1:numfiles; 

    filename = strcat(num2str(i),'_',mat,'.txt'); 

    fid = fopen(filename,'r'); 

    %Get b,d and load/displacement data: 

    for j = 1:16 

        A = fgetl(fid); 

        if j == 6 

            D = char(A(end-10:end)); 

            d = str2double(D); 

        elseif j == 7 

            B = char(A(end-10:end)); 

            b = str2double(B); 

        end 

    end 

    if I == 1 
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        MoI = (b*(d^3))/12; 

    elseif I == 2 

        MoI = (pi*(d^4))/64; 

    end 

    A = textscan(fid,'%f%f%f'); 

    timeS = A{1,1}; 

    positionUM = A{1,2}; 

    positionMM = positionUM./1000; 

    loadG = A{1,3}; 

    loadN = loadG.*9.81/1000; 

    fclose(fid); 

    %Calculate stress and strain: 

    size = length(timeS); 

    strain = zeros(size,1); 

    stress = zeros(size,1); 

    for k = 1:size 

        strain(k) = (6*positionMM(k)*d)/(L^2); 

        stress(k) = (3*loadN(k)*L)/(2*b*d^2); 

    end 

    %put data in cell array "data" 

    data = cell(size+7,5); 

    data{1,1} = 'Sample Thickness, mm:'; 

    data{1,2} = d; 

    data{1,3} = 'mm'; 

    data{2,1} = 'Sample Width, mm:'; 

    data{2,2} = b; 

    data{2,3} = 'mm'; 

    data{3,1} = 'Span Length, mm:'; 

    data{3,2} = L; 

    data{3,3} = 'mm'; 

    data{4,1} = 'Moment of Inertia'; 

    data{4,2} = MoI; 

    data{4,3} = 'mm^4'; 

    data{7,1} = 'Time (S)'; 

    data{7,2} = 'Crosshead (mm)'; 

    data{7,3} = 'Load (N)'; 

    data{7,4} = 'Strain'; 

    data{7,5} = 'Stress (MPa)'; 

    for p = 8:size+7 

        data{p,1} = timeS(p - 7); 

        data{p,2} = positionMM(p - 7); 

        data{p,3} = loadN(p - 7); 

        data{p,4} = strain(p - 7); 

        data{p,5} = stress(p - 7); 

    end 

 

    xlswrite(strcat(mat,'_Compiled'), data, i); 

end  



 

 98 

Appendix D - Graphs Used for Validation 

POLYPROPYLENE – SHORT SPAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.1 – Load/displacement graphs for samples one through six of polypropylene tested on 

the short span (Figure B.2) 
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Figure D.2 – Load/displacement graphs for samples seven through ten of polypropylene tested on 

the short span 
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LONG SPAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.3 – Load/displacement graphs for samples one through six of polypropylene tested on 

the long span 
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Figure D.4 – Load/displacement graph for samples seven through nine of polypropylene tested 

on the long span 

 

Table D.1 – Calculated moduli for all polypropylene samples used in validation 

SHORT SPAN 
  

LONG SPAN 
 Sample no. E (GPa) L/d 

 
Sample no. E (GPa) L/d 

1 0.024 1.56 
 

1 2.73 7.07 

2 0.41 2.56 
 

2 2.46 7.07 

3 0.53 2.74 
 

3 1.79 8.87 

4 0.43 2.56 
 

4 1.73 6.95 

5 0.50 2.56 
 

5 1.60 7.07 

6 0.45 2.56 
 

8 3.18 6.62 

7 0.47 2.56 
 

9 2.09 8.18 

8 0.75 2.56 
 

10 2.76 8.18 

9 0.50 2.56 
 

11 2.39 9.93 

average 0.45 2.47 
 

average 2.30 7.77 

SD 0.19 0.35 
 

SD 0.54 1.10 
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POLYMETHYL METHACRYLATE – SHORT SPAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.5 – Load/displacement graphs for samples one through six of polymethyl methacrylate 

tested on the short span 
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Figure D.6 – Load/displacement graphs for samples seven through nine of polymethyl 

methacrylate tested on the short span  

 

LONG SPAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.7 – Load/displacement graphs for samples one through three of polymethyl 

methacrylate tested on the long span  
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Figure D.8 – Load/displacement graphs for samples four through nine of polymethyl 

methacrylate tested on the long span  
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Figure D.9 – Load/displacement graphs for samples ten and eleven of polymethyl methacrylate 

tested on the long span  

 

Table D.2 – Calculated moduli for all polymethyl methacrylate samples used in validation 

SHORT SPAN 
  

LONG SPAN 
 Sample no. E (GPa) L/d 

 
Sample no. E (GPa) L/d 

1 0.024 1.56 
 

1 2.73 7.07 

2 0.41 2.56 
 

2 2.46 7.07 

3 0.53 2.74 
 

3 1.79 8.87 

4 0.43 2.56 
 

4 1.73 6.95 

5 0.50 2.56 
 

5 1.60 7.07 

6 0.45 2.56 
 

8 1.60 6.62 

7 0.47 2.56 
 

9 1.04 8.18 

8 0.75 2.56 
 

10 1.38 8.18 

9 0.50 2.56 
 

11 0.796 9.93 

average 0.45 2.47 
 

average 1.68 7.52 

SD 0.19 0.35 
 

SD 0.61 1.13 
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POLYCARBONATE – SHORT SPAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.10 – Load/displacement graphs for samples one through six of polycarbonate tested on 

the short span  
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Figure D.11 – Load/displacement graphs for samples seven through ten of polycarbonate tested 

on the short span  
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LONG SPAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.12 – Load/displacement graphs for samples one through six of polycarbonate tested on 

the long span  
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           Figure D.13 – Load/displacement                           

                                                                                    graphs for samples seven through ten                                      

                                                                                    of polycarbonate tested on the short  

           span  

 

 

 

 

 

Table D.3 – Calculated moduli for all polycarbonate samples used in validation 

SHORT SPAN 
  

LONG SPAN 
 Sample no. E (GPa) L/d 

 
Sample no. E (GPa) L/d 

1 0.63 4.21 
 

1 2.44 8.64 

2 0.77 4.71 
 

2 2.31 8.64 

3 1.02 5.33 
 

3 2.06 8.64 

4 0.91 5.33 
 

4 2.24 23.5 

5 0.46 2.96 
 

5 2.40 23.5 

6 0.50 3.08 
 

6 2.33 23.5 

7 0.29 2.86 
 

7 2.37 23.5 

8 0.42 2.96 
 

8 2.28 14.9 

9 0.36 2.86 
 

9 2.12 9.12 

10 0.55 2.86 
 

10 2.29 15.6 

Mean 0.59 3.72 
 

Mean 2.28 15.9 

SD 0.24 1.07 
 

SD 0.12 6.94 
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COPPER – SHORT SPAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.14 – Load/displacement graphs for samples one through six of copper tested on the 

short span 
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Figure D.15 – Load/displacement graphs for samples seven through nine of copper tested on the 

short span 

 

LONG SPAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.16 – Load/displacement graphs for samples one through three of copper tested on the 

long span 
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Figure D.17 – Load/displacement graphs for samples four through nine of copper tested on the 

long span 
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Table D.4 – Calculated moduli for all copper samples used in validation 

SHORT SPAN 
  

LONG SPAN 
 Sample no. E (GPa) L/d 

 
Sample no. E (GPa) L/d 

1 38.29 4.96 
 

1 121.25 26.06 

2 31.50 4.96 
 

2 105.56 26.06 

3 34.61 4.96 
 

3 99.40 26.06 

4 35.67 4.96 
 

4 130.79 26.06 

5 40.83 4.96 
 

5 118.24 26.06 

6 46.16 4.96 
 

6 101.74 26.06 

7 59.95 4.96 
 

7 130.18 26.06 

8 56.31 4.96 
 

8 118.85 26.06 

9 58.37 4.96 
 

9 117.87 26.06 

mean 44.63 4.96 
 

Mean 115.75 26.06 

SD 11.01 0 
 

SD 11.47 0 

 

 

STEEL – SHORT SPAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.18 – Load/displacement graphs for samples one through three of steel tested on the 

short span 
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        Table D.5 – Calculated moduli  

        for all stainless steel samples  

        used in validation 

Sample E (GPa) L/d 

1 1.27 1.69 

2 1.31 1.69 

3 1.40 1.69 

4 1.37 1.69 

5 1.26 1.69 

6 1.60 1.69 

7 1.267 1.69 

8 1.63 1.69 

Mean 1.39 1.69 

StDev 0.15 0 

 

 

 

 

 

Figure D.19 – Load/displacement graphs for samples four through eight of steel tested on the 

short span 
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Appendix E - Graphs Used for Determining the Modulus of Bone 

CUT TRABECULAR SAMPLES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.1 – Load/displacement graphs for ―cut‖ trabecular samples one through six, slopes used 

to calculate the experimental Young’s modulus 
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Figure E.2 – Load/displacement graphs for ―cut‖ trabecular samples seven through ten, slopes 

used to calculate the experimental Young’s modulus 
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UNCUT TRABECULAR SAMPLES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.3 – Load/displacement graphs for ―uncut‖ trabecular samples one through six, slopes 

used to calculate the experimental Young’s modulus.  Sample four had visible damage and was 

excluded from calculation of the mean modulus. 
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Figure E.4 – Load/displacement graphs for ―uncut‖ trabecular samples seven through twelve, 

slopes used to calculate the experimental Young’s modulus.  Sample seven had visible damage 

and was excluded from calculation of the mean modulus. 
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Appendix F - Microscope Images 

CUT TRABECULAR SAMPLES 

 

 
Figure F.1 – Cut sample number 1 with dimensions and scale 
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Figure F.2 – Cut sample number 2 with dimensions and scale 
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Figure F.3 – Cut sample number 3 with dimensions and scale 
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Figure F.4 – Cut sample number 4 with dimensions and scale 
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Figure F.5 – Cut sample number 5 with dimensions and scale 
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Figure F.6 – Cut sample number 6 with dimensions and scale 
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Figure F.7 – Cut sample number 7 with dimensions and scale 
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Figure F.8 – Cut sample number 8 with dimensions and scale 
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Figure F.9 – Cut sample number 9 with dimensions and scale 
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Figure F.10 – Cut sample number 10 with dimensions and scale 
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UNCUT TRABECULAR SAMPLES 

As stated in Chapter 4, many of the ―uncut‖ samples were measured by calipers and therefore do 

not have images in this appendix. 

 
Figure F.11 – Cut sample number 3 with dimensions and scale 

 
Figure F.12 – Uncut sample number 5 with dimensions and scale 
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Figure F.13 – Uncut sample number 7 with dimensions and scale 
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Appendix G - Sensitivity Analyses 

CORNER RADIUS SENSITIVITY ANALYSIS 

Table G.1 – Data used for corner radius sensitivity analysis 

length, L: 4.17 mm **radius can range from 0 to 1/2 depth 

width, b: 0.3 mm 
  

depth, d: 0.8 mm I = 
(b*(d-2*r)^3)/12+((b-2*r)*r^3)/6+ 
(((b-2*r)*(d-r)^2)*r)/2+(4*r^4)*(pi()/16-4/(9*pi()))+ 
(pi()*r^2)*(d/2-r*(1-4/(3*pi())))^2 

slope, m: 100 N/mm E = (m*L^3)/(48*I)*(1+2.85*(d/L)^2-0.84*(d/L)^3) 

     Radius (mm) I (mm
4
) E (GPa) 

  0 0.0128 12.97001 
  0.005 0.012797 12.97347 
  0.01 0.012786 12.98378 
  0.015 0.01277 13.00087 
  0.02 0.012746 13.02467 
  0.025 0.012717 13.05514 
  0.03 0.01268 13.09226 
  0.035 0.012638 13.13603 
  0.04 0.01259 13.18647 
  0.045 0.012536 13.24362 
  0.05 0.012475 13.30752 
  0.055 0.012409 13.37827 
  0.06 0.012338 13.45595 
  0.065 0.012261 13.54068 
  0.07 0.012178 13.6326 
  0.075 0.01209 13.73187 
  0.08 0.011997 13.83867 
  0.085 0.011898 13.95319 
  0.09 0.011795 14.07567 
  0.095 0.011686 14.20637 
  0.1 0.011573 14.34557 
  0.105 0.011454 14.49357 
  0.11 0.011332 14.65072 
  0.115 0.011204 14.8174 
  0.12 0.011072 14.99402 
  0.125 0.010936 15.18104 
  0.13 0.010795 15.37895 
  0.135 0.01065 15.58831 
  0.14 0.010501 15.8097 
  0.145 0.010348 16.0438 
  0.15 0.01019 16.2913 
 

 
 

Figure G.1 – Effect of corner radius on the moment of 

inertia (Equation 4.1) and calculated Young’s modulus 
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CROSSHEAD RATE SENSITIVITY ANALYSIS 

Table G.2 – Data used for corner radius sensitivity analysis.  d is the sample depth, δd is the error 

in measured depth, Ḋ is the stage displacement rate and ἑ is the maximum engineering strain rate 

within the tested sample.  L is the actual span length (after it moves inward from deflection), and 

ΔL is the change from the original span length of 4.17mm. 

 

d δd Ḋ L ΔL Ḋ ἑ = 0.01 mm/min 

0.4 -0.1 1.207563 3.67 -0.5 0.748272 L = 4.17 mm 

0.401 -0.099 1.204551 3.675 -0.495 0.750313 d = 0.5 mm 

0.402 -0.098 1.201555 3.68 -0.49 0.752356 
   

0.403 -0.097 1.198573 3.685 -0.485 0.754401 
Error in 
thickness 

Percent change 

of Ḋ 

0.404 -0.096 1.195606 3.69 -0.48 0.75645 -5% 11.11 
 0.405 -0.095 1.192654 3.695 -0.475 0.758501 5% 9.09 
 0.406 -0.094 1.189717 3.7 -0.47 0.760556 

   

0.407 -0.093 1.186794 3.705 -0.465 0.762613 

Error in 
span 
length 

Percent change 

of Ḋ 

0.408 -0.092 1.183885 3.71 -0.46 0.764672 -5% 11.63 
 0.409 -0.091 1.18099 3.715 -0.455 0.766735 5% 12.35 
 0.41 -0.09 1.17811 3.72 -0.45 0.7688 

   ........ ......... ............. ......... ........ ............. 
   0.585 0.085 0.825684 4.595 0.425 1.173001 
   0.586 0.086 0.824275 4.6 0.43 1.175556 
   0.587 0.087 0.822871 4.605 0.435 1.178112 
   0.588 0.088 0.821471 4.61 0.44 1.180672 
   0.589 0.089 0.820076 4.615 0.445 1.183235 
   0.59 0.09 0.818686 4.62 0.45 1.1858 
   0.591 0.091 0.817301 4.625 0.455 1.188368 
   0.592 0.092 0.815921 4.63 0.46 1.190939 
   0.593 0.093 0.814545 4.635 0.465 1.193512 
   0.594 0.094 0.813173 4.64 0.47 1.196089 
   0.595 0.095 0.811807 4.645 0.475 1.198668 
   0.596 0.096 0.810445 4.65 0.48 1.20125 
   0.597 0.097 0.809087 4.655 0.485 1.203835 
   0.598 0.098 0.807734 4.66 0.49 1.206422 
   0.599 0.099 0.806386 4.665 0.495 1.209012 
   0.6 0.1 0.805042 4.67 0.5 1.211606 
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Figure G.2 – Effect of errors in measured sample thickness on the calculated crosshead rate 

 

 

Figure G.3 – Effect of errors in measured span length on the calculated crosshead rate 
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EFFECT OF ERROR IN MEASURED SPAN LENGTH ON CALCULATED MODULUS 

Table G.3 – Data used for effect of measured span length on calculated modulus 

Span Length (mm) Error in L (mm) E (GPa) 
    4.17 0 16.23632 
 

MoI 0.003972 mm^4 

4.16 0.01 16.12131 
 

b 1.06 mm 

4.15 0.02 16.00685 
 

d 0.3556 mm 

4.14 0.03 15.89293 
 

slope = 41.845 N/mm 

4.13 0.04 15.77956 
    4.12 0.05 15.66673 
    4.11 0.06 15.55445 
    4.1 0.07 15.4427 
    4.09 0.08 15.3315 
    4.08 0.09 15.22083 
    4.07 0.1 15.1107 
    4.06 0.11 15.00111 
    4.05 0.12 14.89205 
    4.04 0.13 14.78353 
    4.03 0.14 14.67554 
    4.02 0.15 14.56807 
    4.01 0.16 14.46114 
    4 0.17 14.35474 
    3.99 0.18 14.24886 
    3.98 0.19 14.14351 
    3.97 0.2 14.03868 
    3.96 0.21 13.93437 
    3.95 0.22 13.83059 
    

 

Figure G.4 – Effect of errors in measured span length on the calculated Young’s 

modulus 
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