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Abstract 

Osteoporosis is a disease characterized by bone loss affecting 10% of the US population 

over 50 years old.  The spine is one critical area affected by the disease.  The effectiveness of 

experimental treatments can be tested on an ovariectomized rat osteoporosis model.  As a result, 

lumbar vertebral bodies are often mechanically tested in uniaxial compression in order to 

determine whether or not the mechanical properties of the bone in ovariectomized rats improve 

with treatment.  The irregular shape of rat vertebral bodies requires some specimen preparation to 

create two parallel loading surfaces for uniaxial compression testing.   

Two specimen preparation methods are reported in the current body of literature. One 

cuts the cranial and caudal surfaces to make them parallel to each other. The other cuts the caudal 

surface and uses bone cement to create a flat loading surface at the cranial end.  In this thesis a 

total of twenty rat vertebral bodies were tested. Ten were prepared with a cut specimen 

preparation method and ten with an embedding method.   Each specimen was tested in uniaxial 

compression and was microCT scanned before and after testing.  Eleven parameters were 

calculated from the mechanical testing data and compared between the two groups using 

Student’s t-tests.  The specimens were also categorized into six failure modes and locations 

observed in the microCT images. 

The embedded specimens showed a lower stiffness (p = 0.026), greater yield 

displacement (p = 0.007) and apparent strain at failure (p = 0.050).  These differences were 

largely attributed to the embedded specimens being 1 mm taller than the cut specimens.  The 

shorter size of the cut specimens affected the mechanical parameters.  The cut specimens were 

easier to prepare and were less sensitive to end effect failures.  The embedded specimens kept the 

endplate, which distributes the load from the intervertebral disk through the vertebral body, intact.  

In addition, the embedded specimens exhibited two failure modes, endplate failure and failure at 

the center of the vertebral body, observed in ex vivo human lumbar vertebral body testing, which 

suggests the interaction of the vertebral body with the endplate is an important factor in vertebral 

body failure in uniaxial compression testing.  In conclusion, neither preparation method showed 

an overwhelming advantage over the other, and experimental parameters should be considered 

when choosing a loading surface preparation method.   
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Chapter 1 

Introduction 

According to the American Journal of Medicine, osteoporosis is “a systemic skeletal 

disease characterized by low bone mass and microarchitecture deterioration of bone tissues with a 

consequent increase in bone fragility and susceptibility to fracture” [1].  Centers for Disease 

Control claims 10% of the US population over the age of 50 has osteoporosis, and an additional 

49% of the population has low bone mass in their femoral neck or lumbar spine [2].   

 Osteoporosis treatments are often tested on a rat model prior to clinical trials on people.  

Research on rat osteoporosis models is used to evaluate bone microarchitecture, as well as 

strength responses to experimental treatments.  Mechanical testing is used to measure mechanical 

properties of bone.  Uniaxial compression testing of lumbar vertebrae in the spine is an example 

of a mechanical test that can be performed on rat bones.  MicroCT imaging can be used to 

evaluate bone structure by creating 3D x-ray images of each bone.  

Typically, microCT imaging and mechanical testing are performed in separate steps.  

With a custom-made micromechanical testing actuator, Queen’s University has state-of-the-art 

technology capable of simultaneously collecting microCT images during incremental 

compression testing.   

Before this technology can be used, microCT and mechanical testing protocols must be 

developed and verified.  One aspect of the protocol involves cutting or embedding the bone 

sample loading surface such that a uniaxial compressive load can be applied. There is no 

consensus in the literature as to which specimen preparation method is preferable.  The work 

presented in this thesis compares two loading surface preparation methods of rat vertebral bodies 

for uniaxial compression testing.   
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1.1 Research Objective 

The objectives of the research were twofold.  The first was to characterize a custom-made 

micromechanical testing system and evaluate the use of an accompanying self-aligning platen 

design for future work.  The second was to use testing system characterization to investigate the 

effect of two different loading surface preparation methods on mechanical properties and failure 

modes on rat vertebral bodies.  

1.2 Thesis Organization 

This thesis has four remaining chapters.  Chapter 2 gives background information for the 

research.  The work presented herein is interdisciplinary and involving a combination of 

mechanical engineering and biological sciences.  The background information covers the 

following topics: (1) rat disease models; (2) bone as a material; (3) bone specimen preservation 

and preparation; (4) compression testing of bone; (5) microCT imaging of bone; (6) failure 

mechanics applied to bone; and (7) observed vertebral body failures.  

Chapter 3 presents the experimental work performed to characterize a custom made 

micromechanical testing system.  Chapter 4 details experimental work comparing two specimen 

preparation methods of rat vertebral bodies in uniaxial compression testing.  Finally, Chapter 5 

summarizes the conclusions drawn in the previous two chapters and includes recommendations 

for future work.  The appendices include curves from mechanical testing data and microCT 

images acquired before and after mechanical testing.  
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Chapter 2 

Literature Review 

 The purpose of this thesis is to first characterize the stiffness of a custom made 

micromechanical testing machine and to then compare two specimen preparation methods used in 

rat vertebral body compression testing.  Mechanical testing of rat vertebral bodies is an 

interdisciplinary topic.  As such this chapter introduces relevant information on experimental 

trials performed on rat animal models, bone tissue, compression testing, microCT imaging, bone 

failure analysis, and observed vertebral body failures.  

2.1 Rat Animal Models 

Experimental trials on rat animal models are used to look at the influences of various 

disease states or pharmaceutical interventions prior to human experimental trials because they are 

a relatively inexpensive biological model [3].  Mechanical testing of rat bones is frequently used 

to investigate how diseases and treatment affect the skeletal system.  An ovariectomized rat (a rat 

whose ovaries have been surgically removed) serves as an osteoporosis model, because bone loss 

can be observed within two months of the intervention [4].  This was the motivation for the use of 

rat bones in the experiments presented in this thesis.   

In humans, osteoporosis causes bone loss primarily in the lumbar spine, pelvis, femoral 

head (hip), and distal radius (wrist) [5, 6].  Bone from anatomically analogous regions in rats is 

tested to study the effects of osteoporosis treatments.  Rat femurs are tested in torsion, tension and 

bending [7-11], yet the primary load applied in vivo is a combination of compression and 

bending.  Vertebral bodies are usually tested in compression because of their shape and small size 

[12], and this mechanical test more closely resembles the predicted anatomical load.  
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2.2 Bone Tissue 

Bone is a living tissue that provides structure to vertebrates.  Bone is an anisotropic, non-

homogeneous, composite material.  It is composed of organic and inorganic elements working 

together. Within the bone tissue, organic collagen and inorganic mineral phase combine to form a 

composite cellular matrix that supports bone cells.  The ratio of organic and mineral elements of 

human bone is 1:3 by dry weight [13]. The bone mineral is made up of hydroxyapatite and 

calcium phosphates which create a hard relatively stiff structure to support the body.  Organic 

collagen gives the bone elasticity while connecting the mineral matrices [14], [15].  Both the 

organic and inorganic elements of bone influence bone material properties.   

Bone is a living tissue, capable of adapting to best support the load applied as defined by 

Wolff’s Law [16].  If the load applied to a bone changes direction the bone will change structure 

to adapt to the new load.  Depending on the degree of loading, the trabecular, cortical or whole 

bone structural adaptations have all been observed.  A decrease in load reduces the number of 

trabeculae in the surrounding cancellous bone.  One such example in osteoporotic bone is that 

with reduced bone density the trabecular structure maintains support of the primary load while 

secondary loading structures are lost [17].   

In vitro mechanical testing can be performed on either living or dead bone tissue. Studies 

that look at the in vitro effects of loading patterns on bone growth, keep the bone cells alive in a 

bio reactor [18]. Within the body of literature reviewed for this thesis all in vitro rat vertebral 

body testing was performed on dead tissue, meaning the bone cells were no longer alive.  Such in 

vitro mechanical testing solely analyzes the bone structure, where the mechanical properties of 

the remaining mineral phase and collagen are maintained when hydrated [19].  
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There are two types of bone tissue, cortical and cancellous bone.  Both tissues are 

highlighted in Figure 1.  Bone marrow, which fills the porous voids in the bone tissue, is a 

viscous fluid contributing to the viscoelasticity of bone as a material [12].  For the purpose of this 

thesis the focus will be on cortical and cancellous bone, testing the structural matrix of the tissue.   

 

Figure 1: An example of cortical and cancellous bone is shown in this cut-away image of a 

human distal femur. 

2.2.1 Cortical Bone 

Cortical bone is the outer shell of bone that is visible when a bone is dissected.   Cortical 

bone holds the bone’s shape and is the primary supporting material.  It has a relatively low 

porosity of 5-30%  [14], when compared to cancellous bone.  For this reason it is also called 

compact bone.  The primary contributors to cortical bone porosity are vascular channels that 

allow blood vessels to enter and exit the bone tissue.  Figure 1 gives an example of cortical bone 

macrostructure.  Depending on anatomical location and the load that the bone needs to resist the 

thickness of the cortical bone will vary.  

Cortical bone microstructure is made up of osteons.  An osteon is a bony microstructure 

composed of concentric layers of compact bone tissue called lamella. The cross-section of an 

osteon looks much like the growth rings in the cross-section of a tree.  Haversian canals are at the 

center of each osteon and contain capillaries supplying blood to the tissue.  A diagram of cortical 

bone microstructure is shown in Figure 2.   
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Figure 2: Diagram of human bone tissue hierarchy at the macro, micro, and nanostructure 

level. Adapted from Rho et al. [20] 

2.2.2 Cancellous Bone 

Cancellous bone is often described as the spongy looking bone within the cortical shell.  

The bone tissue is composed of osteons, like cortical, but cancellous bone has up to 90% porosity.  

The porosity of cancellous bone in rat vertebral bodies has been reported to be 52-74% [7, 26]. 

The tissue properties of the bone tissue itself are thought to be the same in both cortical and 

cancellous bone; however, because of the differences in structure the mechanical properties of the 

two types of bone differ [15].  The structure of cancellous bone can withstand greater strains than 

cortical bone and is the primary contributor in fatigue and impact resistance.  Cancellous bone 

can be modeled as a biphasic solid and fluid material so that bone hydration and fluid levels 

influence its mechanical properties [12]. 
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Cancellous bone has a microstructure made up of individual struts, called trabeculae.   

The trabecular structure is referred to as the microarchitecture. The trabeculae are made up of 

lamellae oriented with respect to the grain of the structure, in contrast to the concentric 

orientation of osteons in cortical bone. Trabecular structures can be categorized into rod or plate 

structures [23].  Figure 3 shows an example of each structure.  These structures vary between 

each bone and within a bone. Studies looking specifically at the trabecular microarchitecture will 

classify the specimens based on the trabecular structure most prevalent [28, 29].  Cancellous rat 

lumbar spine has been shown to be predominately plate trabecular structure [26].  

 

Figure 3: Two examples of trabecular bone from the calcaneus (heel bone in the foot) with 

rod (a) and plate (b) trabecular structures.  [27] 

2.3 Testing and Determining Bone Mechanical Properties 

Bone mechanical properties can be derived from a variety of mechanical tests.  Bone 

mechanics are dependent on: (1) type of bone tissue; (2) bone anatomy, age, and species; and (3) 
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variations in testing conditions including type of testing, specimen preparation, and testing 

environment.  Each of these issues tends to influence the results [28]. 

2.3.1 Bone Tissue and Source 

The differing composition and structure of cortical and cancellous bone contribute to a 

difference in mechanical properties. Testing whole bone combines both types of bone and has 

mechanical properties that differ from testing the two tissues independently.  The interaction 

between the two types of bone tissue in whole bone testing is also not yet clearly defined in the 

literature [17, 26, 32].  As a result apparent mechanical analysis is often used with whole bone 

testing data.  

The anatomical source of the bone is also a factor that can cause variation in mechanical 

properties. The trabecular structure in cancellous bone is aligned to carry an applied load and the 

trabeculae are often aligned with the primary axis of loading [15].  As a result, bones from 

different anatomical locations can have different mechanical properties.  It is also for this reason 

that bone has anisotropic mechanical behavior, as bone structure is dependent on the loading axis.  

It can also adjust to sudden, unusual loading patterns (an injury, for example).   

Likewise, different animal species load their skeletons differently.  In an extreme 

example, bipeds, like humans, will load their skeleton differently than quadrupeds, like rats.   

Although they may have analogous elements within their anatomy, their loading pattern at those 

anatomical sites differs.  Relative to body weight, the human spine carries a greater compressive 

load than a rat spine because of its upright position, shown in Figure 4. The human spine supports 

the entire upper body and resists more gravitational force. This often results in differing bone 

mechanical properties and caution should be used in comparing results between species.  
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Figure 4: A human spinal column is shown (a) with the labeled lumbar region with a 

lumbar vertebra (b).  A rat skeleton image with the labeled lumbar region is shown (c) with 

a rat lumbar vertebra (d).  One can see there is a difference in loading looking at the full 

spine images of the rat and human spine.  This results in a difference in vertebra shape.  

Both vertebrae have the same primary functions protecting the spinal cord and provide a 

frame supporting of the abdominal region.  These result in analogous anatomical 

structures, however the shape of these structures differs.  The rat vertebral body has a 

relatively smaller cross-sectional area than the human, giving it a greater aspect ratio.  

2.3.2 Testing Methods 

 The types of mechanical testing and specimen preparation methods chosen have an 

influence on the mechanical properties obtained experimentally.   
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2.3.2.1 Compression Testing Methods 

Bone can be tested in tension, compression, bending, torsion, shear, and impact.  The 

biggest advantages of compression testing are relatively simple apparatus requirements, test 

repeatability, and relatively realistic anatomical loading for vertebral bodies, where the primary 

force in vivo is compressive.  Compressive testing also facilitates small specimens to be tested 

[12].   

Compression testing is conducted by placing a specimen between two testing platens.  A 

displacement is applied such that the two platens move closer together and apply a compressive 

load to the specimen.  Compression testing presents unique challenges when compared with 

tensile testing.  One challenge is the sensitivity to interactions at the specimen platen boundary 

that induce an error.  In isolated trabecular structure testing this error can underestimate the 

elastic modulus by up to 25% [33, 34].  If the specimen and platen surfaces are not perfectly 

parallel, the load applied will not be uniaxial.  A diagram of uniaxial compression testing with an 

end effect error example is shown in Figure 5. Shear forces caused by friction will be introduced 

to the system.  This end effect error is present in all compression testing but confounded by the 

irregular structure of bone. Despite these sources of error compression testing has been shown to 

be a precise and repeatable testing method, and differences between groups can still be detected 

[12]. 

Analysis of a single mechanical test results in multiple measured parameters, which can 

be separated into intrinsic properties (independent of specimen size) or extrinsic properties 

(dependent on size). For whole bone compression testing, extrinsic outcomes include specimen 

stiffness, yield and failure loads, and displacement at yield and failure.  Intrinsic properties 

include elastic modulus, yield and ultimate stress (strength), strain at failure, and energy to failure 

(toughness) [12]. 
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Figure 5: A diagram of three uniaxial compression testing situations: a) an ideal uniaxial 

compression testing configuration with the specimen ends are parallel with the platens; b) 

the bottom surface is not parallel with the platen and upon initial deformation the 

displacement is not uniformly applied to that surface on the specimen; and c) a solution to 

correct for this error with the use of a self-aligning platen.  

Intrinsic properties for whole bone samples will be analyzed at the apparent level in the 

experimental work presented in this thesis.  Friction at the bone-platen interface was not 

considered for the work presented in this thesis.  Apparent stress can be calculated using the outer 

dimensions of the bone, which does not take the cross-sectional area of the trabecular structure 

into account.  Additionally the bone marrow in the porous voids in the trabecular structure is 

included in the mechanical properties with an apparent analysis.  Therefore, whole bone testing 

outcomes take into account the properties of cortical bone, cancellous bone and the bone marrow 

in trabecular voids without isolating any one material or defining the interactions between the 

different tissues.  
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Bone is assumed to be linear elastic up to the point of initial failure.  However, there are 

viscous effects from the fluid in the bone marrow interacting with trabecular structure that can 

cause some loss in elastic energy.  For strains less than 2% these effects are negligible [17, 26].   

Assuming linear elastic behavior of bone in monotonic loading, analysis of bone 

mechanical testing is nearly the same as any linear elastic material.  The exception is that the 

linear portion of the load displacement is not always the same between specimens.  The samples 

in metallic and polymer mechanical testing are homogeneous and uniform in size and the linear 

region of the load displacement curve is within a similar displacement range between samples. In 

contrast, whole bone specimens are not homogeneous materials and are not uniform in size and 

shape. The linear region in the load displacement curve of bone therefore varies between 

specimens.   

Elastic modulus is defined as the slope between stress and strain in the linear elastic 

region of a stress-strain plot. In order to compensate for added variability of biological tissue, two 

methods to approximate the elastic modulus from mechanical testing data using bone are reported 

in the literature.  The first method chooses a strain value that is within the linear elastic region of 

all the specimens tested. The elastic modulus is estimated as the slope of the line tangent to the 

stress strain curve and is calculated at that determined strain value [32].  The second method 

allows the user or person analyzing the data to select points visually to define the linear elastic 

region of the curve. A linear regression curve fit is calculated using the selected data points. The 

slope of this line is determined as the elastic modulus [17, 22]. Figure 6 shows both of the 

methods applied to a generic stress strain curve.  

Energy to failure per unit volume is the energy of mechanical deformation per unit 

volume prior to failure and it is calculated as the area under the stress-strain curve from zero to 
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failure strain.  Energy to failure per unit volume encompasses both elastic and plastic deformation 

observed in the test.   

 

Figure 6: A sample stress strain curve with all the extrinsic outcome measures 

recommended for compressive testing of bone.  Young’s modulus in this figure is shown as 

the tangent at 0.6% strain as described by Bushinsky et al. [22].   

2.3.2.2 Specimen Storage and Preparation Methods 

Specimen preservation methods influence mechanical testing results as well.  The best 

method to minimize specimen preservation effects is to perform mechanical testing within hours 

after the bone is removed from a body.  Tissue death and degradation is thought to begin within 

that time [36, 37].  Mechanically testing of the bone within such a short time frame is not always 

feasible or practical, so a specimen preservation method may be required.   
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There are three common ways to preserve bone tissue for later use: (1) embalming the 

bone in formaldehyde; (2) storing the bone in ethanol; or (3) freezing the bone in saline.  The use 

of formalin  has been shown to increase Young’s modulus by 68% [35] and decrease the 

compressive strength by 12-18% [36].  Embalmed bone mechanical testing results can only be 

compared with other fixed bone results.  Ethanol reduces Young’s modulus by 2.5-4.0% [37] and 

because it can dehydrate the bone it is recommended that the bone is soaked in a saline solution 

prior to mechanical testing [12].  Freezing bone is the preservation method with the least 

influence on mechanical properties.  A 1-3% increase in compressive modulus has been reported 

with vertebrae specimens frozen for more than 14 days at -20°C.  The temperature at which bone 

is frozen has  not been shown to have an effect on the bone elastic modulus [38].  The 

recommended method for bone preservation is to wrap the specimen in gauze soaked in a 0.9% 

saline solution and to store the specimen frozen until needed [39].  The saline prevents the 

specimens from drying out and this method is expected to increase the elastic modulus no more 

than 3%.  It should also be noted that specimens kept at room temperature for 24 hours have a 3% 

reduction in elastic modulus [12].  Using the recommended freezing methods has no greater 

effect on bone mechanical properties than storing specimens at room temperature prior to testing.   

Testing temperature is an additional factor that influences elastic modulus results.  

Testing the specimens at room temperature increases the modulus by 2-4% compared with 37°C 

[43, 44].   

Finally, the specimen storage can affect the humidity of the bone.  Dry bone is stiffer and 

fails at a higher load that wet bone.  However, the energy to failure per unit volume decreases 

meaning the sample is more brittle [38, 45].   Additionally the increase in Young’s modulus 

combined with a reduction in bone volume fraction means that structural and mechanical property 
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changes in dehydrated bone must both be considered [19].  As little as 10 minutes of exposure to 

air can affect the bone mechanical properties due to moisture loss [33].  

2.4 Mechanical Testing Using Rat Vertebral Bodies 

In addition to the limitations involved in testing bone in general, the loading surface 

preparation is a consideration when testing rat vertebral bodies in compression.  Rat vertebral 

bodies are small and those tested in this thesis were no larger than 8 mm tall and 5 mm in 

diameter.  This further influences loading surface preparation considerations.  

2.4.1 Specimen Preparation 

In order to mechanically test rat vertebrae some specimen preparation is required to 

isolate the vertebral body.   First the pedicles and bone around the spinal cord (shown in Figure 4) 

must be removed.  The remaining vertebral body can be approximated as a parallelogram in the 

sagittal plane, making mechanical testing of a vertebral body without any end preparation 

unstable.  Figure 7 shows a free body diagram of the vertebral body in this situation. The bending 

moments applied induce a rotation that cannot be resisted by the test set-up. Some compensation 

is necessary to prevent this situation during the test, and to ensure that a uniaxial compressive 

load is applied.  

Two methods to create a stable axial loading surface have been reported in the literature: 

(1) cut the loading surfaces; or (2) embed the uncut loading surfaces in bone cement.  Table 1 

summarizes the relevant experimental methods obtained from the reviewed literature.  
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Figure 7: A free body diagram of an isolated rat vertebral body without any additional 

specimen preparation.  The loading surfaces of the bone are not orthogonal to the axial axis 

of the bone.  Thus when compressive load F is applied there is a moment caused by the 

moment arm d about the z-axis.  (The diagram assumes parallel surfaces for demonstration.  

In reality the surfaces were the load is applied are askew.)  

The most common specimen preparation method used is cutting the bone surfaces.  A 

low speed diamond wafer saw can be used to cut or grind a flat surface on the bone samples [4, 

46, 47].  The challenge with this method is securing the small vertebral body specimen into a 

holder that can allow two parallel cuts and resist the cutting forces without damaging the bone 

structure.  Specimens in preliminary polymer pilot testing were prepared using a diamond wafer 

saw (Allied High Tech Products Inc., Rancho Dominguez, and California).   Following the 

methods of  Campbell et al. [44], this specimen preparation method was first attempted on 4.8 

mm (3/16 in) diameter stock polycarbonate and nylon 6,6 samples with limited success.  Cuts 

could be made without damaging the sample; however, the surfaces were neither smooth nor 

parallel.  The sample was not moved in the holder between cuts yet the two cut surfaces were still 
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not parallel to each other.  As a result, an additional polishing process was required to get 

consistent compression testing results during polymer pilot testing.  This preparation method was 

not pursued any further after the polymer pilot testing.   

Table 1: A summary of literature reviewed for protocol development 

Author Specimen Preparation Displacement rate 

(mm/min) 

Vertebra 

Tested 

Sample Size 

Shahnazari et al.
 

(2010) [43] 

Cut with wafer saw 0.6 L6 14 

Chachra et al.
 
 

(1995) [45] 

Embedded in metal 

plates 

0.5 L4 20 

Akhter et al.    

(2007) [7] 

Cut with wafer saw 3 L4 8 

Sogaard et al. 
 

(1995) [21]  

Embedded and cut 

with wafer saw 

2 L3 10 

Campbell et al. 

(2008) [44] 

Cut with wafer saw 2 L4 10 

Bushinsky et al. 

(2011) [22] 

Embedded and sanded 2 L5 10 

 

In the experiments involving mouse vertebral bodies, the bone surface can also be 

carefully cut with a razor blade rather than a diamond cutting tool [46]; however, this method is 

difficult to control and resulted in inconsistent specimen preparation.   Similarly, gently sanding a 

flat surface onto the specimen, without an alignment tool is not a repeatable method.  In order to 

reduce the variability a custom alignment apparatus can be used to help control the cutting 

surface [4, 6]. 

Alternatively an embedding material like poly(methyl methacrylate) (PMMA) may be 

used to stabilize the vertebral body structure and provide a rigid loading surface.  Chachra et al. 
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[45] tested rat vertebral bodies in compression to study the effects of hormone replacement 

treatments on the mechanical properties of rat vertebrae. Specimens were prepared by stabilizing 

the bone between set screws and placing the specimen between two small aluminum plates, each 

with a shallow cylindrical cavity.  Once the bone was aligned, the cavities were filled with 

PMMA.  Because the goal of this thesis was to use a specimen preparation method that 

minimized additional material between the platens, this method was not selected.  Additional 

material at the loading surface increases the error in calculated bone displacement. Furthermore, 

there was concern that the use of set screws to align the specimen could damage the cortical shell 

and create stress concentrations at that surface.   

The same research group updated their specimen preparation methods and presented 

them in Bushinsky et al. [22].  The vertebral body was first isolated by removing the soft tissue 

and spinous processes.  One end of the vertebral body was gently sanded and placed on a 

compression testing platen.  A spot of bone cement was placed on the opposite end of the 

vertebral body.  The upper platen was lowered onto the bone cement end of the vertebral body, 

with a 1 N preload.  The bone cement was allowed to cure for 10 minutes to create a semi-rigid 

loading surface.  This preparation method addressed the previous concerns and thus was selected 

for the presented study.  

The calculated mechanical testing parameters reported in the literature introduced in 

Table 1 are presented in Table 2.  Comparisons of the specimen preparation methods from these 

values alone cannot be made.  The apparent mechanical properties were all calculated with 

variations in the bone measurements and not all the studies reported the same values.  These 

values do provide a baseline for comparison to verify the rat vertebral body mechanical testing 

results presented in this thesis. 
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Table 2: Summary of the mechanical testing outcomes reported in the literature presented in Table 1.  The values shown here were taken 

only from the control groups in each study.  
a
 indicates the value in parenthesis is the standard error and 

b
 indicates the standard 

deviation was reported.  

Author (Year) Stiffness 

(N/mm) 

Yield Load    

(N) 

Maximum 

Load    (N) 

Failure 

Displacement 

(mm) 

Elastic 

Modulus 

(MPa) 

Yield 

Stress 

Ultimate 

Stress 

(MPa) 

Failure 

Strain     

(%) 

Energy to 

Failure per 

unit Volume 

(J/mm
3
) 

Shahnazari et al.
a
 

(2010) [43] 

  223(20)  490 (180) 29.7 (4.1) 33.8(2.6)   

Chachra et al.
a 
 

(1995) [45] 

    379 (27)  26 (2) 13 (1) 1.25 (0.5) 

Akhter et al. 
b
 

(2007) [7] 

558 (162) 112 (30) 151 (40)  602 (143) 21 (7) 28(5)   

Sogaard et al. 
b
 

(1995) [21]  

  236 (44)    26.72 (4.08) 4.0 (1.0)  

Campbell et al. 
b
 

(2008) [44] 

3111 (899)  352.0 (60.3)  2,360 (768)  60.7 (8.18)   

Bushinsky et al. 
a
 

(2011) [22] 

1272 (336) 201 (29) 243 (29) 0.56 (0.15) 1380 (380) 31.4 (4.8) 37.8 (4.3) 4.8 (1.4) 1.42 (0.62) 
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2.5 MicroCT Imaging 

Micro computed tomography (microCT) imaging can be used to create 3D models of 

bone.   MicroCT images are collected by rotating the x-ray tube and detector or the sample about 

an axis while collecting images.  The process of applying an algorithm to create axial slices from 

those raw data images in order to get orthogonal voxels (three dimensional pixels) is called 

reconstruction.  The reconstructed scans provide a three dimensional image of the sample, based 

on density. Because of its high resolution capabilities, microCT is especially useful in visualizing 

and characterizing rodent bone morphology.    

Since 1988, microCT has been used for bone studies ranging from growth and 

development to animal models of disease states like osteoporosis [50, 51].  The data from scans 

are used to quantitatively assess both cancellous and cortical bone structure, and can be used for 

geometric and mechanical property definitions in bone finite element modeling.  

 Scanning settings can influence the resulting images.  The medium in which the bone is 

placed influences the intensity spectrum of the x-rays reaching the bone.  Recommended media 

for bone include saline, ethanol, formalin, or air [50].  Air provides the highest contrast between 

the bone and the medium.  It also reduces the attenuation of the x-ray spectrum the least before 

the x-rays reach the bone.  However, using air as a medium increases the risk for bone 

dehydration over other media. 

 Beam hardening is a prominent error in microCT imaging.  During a microCT scan, the 

attenuation of the x-ray beam leaving the source is not equivalent to that of the beam reaching the 

detector.  The specimen acts as a high pass filter, absorbing and stopping the lower attenuation of 

the x-ray spectrum.  This in turn increases the average attenuation of the x-ray spectrum at the 
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detector.  In order to reduce this effect, a filter is used at the x-ray source to create a more uniform 

attenuation of the x-ray spectrum [50].  

 Radiation dose and resolution are two scanning factors that influence the microCT scan 

time. Radiation dose is proportional to the product of the x-ray tube current and the exposure 

time.  Increasing the exposure time increases the radiation per image.  Material density influences 

these factors and care must be taken to neither saturate nor starve an image of photons.  

Additionally increasing the scan resolution increases the scan time.  Therefore, a compromise 

between those two parameters must be made when selecting scan settings.  For an accurate 

geometric representation, the minimum resolution requires 2 voxels (three dimensional pixels) 

per feature of interest.  Rat trabecular structures in vertebral bodies are between 20 and 60 μm 

thick and thus a minimum voxel size between 10 and 30 μm is required [51].  Increasing the 

resolution to a smaller voxel size will decrease error in future volume rendering of bone voxels.   

 The raw scan data were a series of radial images.  In order to create orthogonal voxels, an 

image reconstruction algorithm converts the raw scan imaged data into a three-dimensional 

volume.  Next the bone voxels need to be isolated from the scanning medium.  The process of 

separating the voxels is called segmentation.  In the microCT data air appears black or at a grey 

scale value of zero. The easiest way to segment bone from the medium data is to apply a 

minimum gray value threshold to the data set, and removing all the voxels at or near zero. 

Because the mechanical testing of bone presented in the thesis was done at the apparent level, it 

was not necessary to separate the trabecular and cortical bone in the segmentation process [50].  

2.6 Simultaneous Imaging and Mechanical Testing of Bone  

The capability to simultaneously perform tomographic imaging and mechanical testing 

has been previously reported in the literature.  Nazarian et al. [52] used incremental loading of  
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aluminum foam specimens and whale vertebral body bone cores to specimens of the same 

respective material loaded continuously.  A custom made device was used to apply a specified 

strain and record the load, specimens where then allowed 20 minutes to relax prior to microCT 

imaging.  No significant differences were detected between specimens deformed incrementally 

and those continuously deformed.  Strong correlations between the incremental and continuously 

loaded curves were also found.  Analysis of the microCT images showed that visualization of 

failure initiation and propagation were possible at each loading increment with a 28 µm 

resolution.  

The methods presented by Nazarian et al. were later applied to human vertebral body 

core specimens, which have a less uniform trabecular structure than those in whale vertebrae.  

This study used image guided failure with trabecular density and structural analysis to predict 

failure.  Structural measures were not uniform throughout the trabecular samples and created a 

poor prediction of failure.  Analysis of ten sub-regions within each specimen showed a better 

prediction of failure [53].  

These image guided failure assessment methods have also been used to detect endplate 

deformation and failure in functional spine segments that include two vertebral bodies and an 

intervertebral disk.  Markers fixed to the bone images between scans could be registered to each 

other for alignment in order to detect deformation in the endplate.  This study showed that 

endplate deformation could be detected and isolated using tomographic imaging.  The greatest 

limitation was that only static testing could be performed because of the imaging time.  Dynamic 

interactions cannot be detected with this method [54]. 

Higher energy tomographic imaging techniques using synchrotron x-ray diffraction has 

also been used to detect bone deformation and strains with simultaneous mechanical loading.  
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Synchrotron radiation micro-computed tomography is capable of imaging bone with 1 µm 

resolution and excellent visualization of micro-cracks and failures at incremental loads without 

staining in 3.7 mm diameter specimens that are 4 mm tall [55].   

Nano-scale deformations can be detected with smaller bone samples (0.2 to 1.0 mm in 

diameter).  This imaging technique is also capable of differentiating between mineral matrix in 

bone and collagen fiber.  Akhtar et al. [56] used these imaging techniques with incremental 

indentation testing to compare types of bovine cortical bone. The results showed that the load is 

not evenly distributed across bovine cortical bone tissue and that the more mineralized portions of 

the tissue carried more load at higher deformations.  Tissue with higher mineral content was 

found to be more brittle that that with more collagen.  As a result, micro-crack failures were 

observed in the more mineralized portions of the bone before those in the tissue with more 

collagen.   

The current body of research does not include any image guided failure analysis using 

micro tomographic technology to test rat vertebral bodies, nor does the current body of literature 

containing any such test use such methods to look at an osteoporotic model.   

2.7 Fracture Analysis 

One parameter calculated from bone fracture mechanics testing, critical stress intensity 

factor (KIc), reveals orientation dependence in bone crack propagation.  In fracture testing of 

bovine cortical bone, KIc was two times greater in transverse fractures than in longitudinal 

fractures [54 - 56].  In human bone fractures, the radial direction has the lowest fracture 

toughness, and the transverse direction has the greatest toughness.  Additionally, a change in 

direction from transverse to longitudinal fracture has been observed in human bone, if the crack 
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started in the transverse direction [60].  Bone is an anisotropic material and results in the 

literature lead to the conclusion that cracks appear to take the path of the least resistance.  

 At the micro-architectural level, osteon orientation affects failure mode and influences 

what the least resistant path may be.  Osteons themselves are oriented longitudinally as shown in 

Figure 8. In particular cement lines (boundaries between osteons) and the lamella layers (shown 

in Figure 2), are thought to be weak areas in bone that cause directional preferences observed in 

fractures [61].  

 

Figure 8: A diagram of osteon orientation with respect to bone macro-structure.    

 The current body of literature presents limited information on the fracture mechanics of 

cortical bone rat vertebral bodies, or any rat cortical bones for that matter.   The amount of bone 

required for fracture mechanics testing specimens and the small size of rat vertebral bodies are 

likely contributors to the lack of literature on this topic.  Conclusions drawn from fracture 

mechanics experiments on human and bovine bone must be carefully applied in the qualitative 

analysis of failure mode resulting from the compression testing of rat vertebral bodies.   



25 

 

2.8 Observed Vertebral Body Failures  

In order to compare the rat vertebral body failure observed during the experiments 

presented in this thesis, some background on vertebral failure modes in the literature is necessary. 

2.8.1 Human Vertebral Body Failures in vivo  

Osteoporotic fractures are those that occur in areas affected by osteoporosis without 

trauma. Clinical diagnosis of such fractures is performed with qualitative analysis of a 

radiographic image.  The clinician evaluates the shape of the vertebral body in order to determine 

whether or not fracture has occurred. A visual assessment of radiographic images is the gold 

standard for diagnosing fractures.  

Genant et al. [62] developed a semi-quantitative method that classifies osteoporotic 

fractures from visual inspection. Three different fracture deformities are identified (wedge, 

biconcave, and crush deformities), each with three grades of severity based on how far the 

fracture has progressed from the baseline. Figure 9 gives an example of the three vertebral body 

fracture deformities and severity levels.  The most common fracture observed clinically without 

trauma is an anterior fracture wedge deformity [63]. 

The cranial and caudal surfaces of a vertebral body each have an endplate made of 

thickened cancellous bone.  The role of the endplate is to provide an attachment surface for the 

intervertebral disk and evenly distribute the applied load from adjacent vertebrae through the 

vertebral body.  Clinically vertebral body fractures are often not detected because patients can be 

asymptomatic and, even with symptoms, only 1% of patients reporting back pain have a fractured 

vertebra [64].  As a result the fracture progresses before endplate initiation is detected.  
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Figure 9: Examples of compressive fractures clinically observed in the human spine taken 

from the classification of vertebral fractures by Genant et al. [63]. 

2.8.2 Vertebral Body Failure ex vivo 

 In order to help improve the understanding of vertebral body strength ex vivo mechanical 

testing to failure is performed.  The two most common failure locations in such testing have been 

observed at the endplate and in the core trabecular structure in the vertebral body [8, 62].  An 

example of these two failure modes is shown in Figure 10. 
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Figure 10: Radiographic images from Mirzaei et al. [66] showing an end plate failure on the 

left image (highlighted with red arrows) and core trabecular failures in a belt-like pattern 

around the center of the vertebral body (shown in the ellipses).  

Translating the observed failure modes in humans to those in rats has limited relevance.  

The human vertebral body cortical shell is on average only 0.4 mm thick in the lumbar spine and 

thought to be an extension of the cancellous bone network [67].  Thus the argument can be made 

that there is no cortical bone in the lumbar vertebral bodies and failure of the lumbar vertebral 

bodies initiate in the cancellous bone.  Unlike human vertebrae, rat vertebral bodies have a 

distinct outer layer of cortical bone. There is also much less information in the current body of 

literature reporting on rat vertebral body failure imaging.  Figure 11 provides an example of rat 

vertebral body failure.  It appears to occur in the center of the vertebral body very similar to the 

failures observed from ex vivo compression testing in the center of the human vertebral body.  
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Figure 11: Radiographic images of rat vertebral bodies from Brzoska et al. [68] showing a 

control vertebral body (A) prior to compression testing and three vertebral bodies from 

cadmium treated rats after compression testing (B, C, and D).  

2.9  Summary of Literature Review 

The body of literature about mechanical testing of rat vertebral bodies does not give a 

consensus on specimen preparation methods.  In some cases, the vertebral body specimen 

preparation methods are not reported [5, 6, 65].  Loading surface preparation methods are crucial 

in minimizing the errors during mechanical testing, because the largest source of error in 

compression testing are those due to end effects.  The studies that do report the specimen 

preparation methods are not in agreement and various methods are reported.   For this work 

presented in this thesis two methods, cutting the cranial and caudal loading surface and a PMMA 

embedding technique, are compared.  The experimental methods presented use compression 

testing and microCT imaging of rat lumbar vertebral bodies to determine whether or not a 

difference in these two specimen preparation methods can be detected.  
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Chapter 3 

Characterizing Deben Micromechanical Testing System Compliance 

 

Non-linear, non-homogeneous materials with irregular shapes, like rat vertebrae, 

introduce limitations and challenges to uniaxial compression testing.  One particular challenge is 

ensuring a truly uniaxial load is applied to the specimen.  If the loading surfaces on the specimen 

and the platen are not parallel, the applied load will not be uniaxial and shear forces will be 

imparted on the loaded surfaces of the specimen.  Measuring deformation in the specimen is 

another challenge.  Rat vertebrae are relatively small and, as a result, many accurate deformation 

detection methods are not practical.  This chapter addresses these two challenges and presents 

solutions for future bone testing.  

3.1 Self-Aligning Platen Design 

A self-aligning platen can be used to compensate for the error induced by non-parallel 

surfaces.  Self-aligning platens may be purchased for commercially available mechanical testing 

systems like those made by Instron (Norwood, MA).  Their W-2005 platen model has a spherical 

setting, which allows for a 4-degree angular tilt, and the smallest platen diameter available is 79 

mm.  These designs are too large to be adapted to the custom Deben micromechanical testing 

apparatus (Deben UK Limited, Suffolk, United Kingdom) used for this study.  Also, the rat 

vertebrae tested for this thesis have a maximum height of 8 mm and their largest cross-sectional 

dimension is 5 mm, so the commercially available solutions were not designed for testing on this 

scale.  Thus, a self-aligning platen was designed in order to fit the Deben micromechanical testing 

system.  
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Figure 12 shows the self-aligning platen designed for the Deben system. The 

compression platens provided with the Deben system had 20 x 25 mm loading surfaces and holes 

for bolting the platens to the machine.  The base of the self-aligning platen used the same 

dimensions as the standard platens with the addition of a hemispherical hole in the center to fit a 

4.76 mm (or stock 3/16 in) hardened steel bearing ball.  A circular 20 mm titanium plate was used 

for the loading surface because of its low mass, i.e. low inertial properties.   The design also 

allows for 3.5 degrees of angular tilt before the titanium plate comes into contact with the base 

[70].  The experiments in this chapter were performed on the standard flat platens provided with 

the testing system and on the custom self-aligning platen.  

 

Figure 12: Image of the self-aligning platen CAD model.  This assembly includes a titanium 

plate, a hardened bearing ball, and a platen base with holes for bolting the platen to the 

mechanical testing system. (Engineering drawings are included in Appendix C.) 

3.2 Detecting Specimen Displacement 

The second challenge was detecting specimen displacement.  Strain gauges, 

extensometers, and photographic methods were not practical for the experiments presented in this 

thesis because of the irregular geometry and small size of the specimens.  The Deben 

micromechanical system measured actuator displacement for its control system.  Typically, it can 
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be assumed that platen displacement recorded by the system is equal to the specimen 

deformation.  Preliminary data were collected on 5 mm diameter and 10 mm tall aluminum 6061-

T6 alloy cylindrical samples compressed at a displacement rate of 0.6 mm/min to verify the 

Deben system performance.  The results proved that for this mechanical testing apparatus the 

actuator displacement was not equal to that of the specimen, meaning the system compliance was 

not negligible.  Figure 13 illustrates this issue and introduces the theory used to compensate for it.  

 

Figure 13: Measured force and displacement results from compression testing performed 

on the Deben system compared with expected theoretical results for Aluminum 6061-T6 

alloy. The system displacement with respect to force, or            , can be calculated by 

subtracting the actual testing displacement from the theoretical specimen displacement at a 

given force. 
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Without a direct measurement of sample deformation, the system detected the combined 

displacement of the machine and the specimen.  This is mathematically represented as:  

                            (1) 

where   is the respective displacement. The specimen displacement can be calculated from the 

data using a series spring model as shown in Figure 14.   

 

Figure 14: Graphical representations of two springs in series model  

The model results in the following stiffness relationship:   

 

         
 

 

         
 

 

       
  

(2) 

Modeling each element in the system as a spring assumes the function relating the system 

displacement and the applied force is as follows:  

           
 

       
 

(3) 

where δ is the displacement, F is force, and k is stiffness. 

To summarize, there were two goals in this experiment.  The first was to evaluate the 

performance of a custom made self-aligning platen against standard flat platens.  The second was 

to define the system stiffness so that the specimen displacement could be calculated from the 

force-displacement data.  



33 

 

3.3 Experimental Methods 

Kalidindi et al. [71] outlined three methods to determine system compliance assuming a 

non-linear system.  If the system is linear there will exist a single term in the relationship between 

system deformation and force applied.  The first method calculated the machine stiffness from a 

compression test without a sample (a non-sample test) so all displacement recorded is assumed to 

be from the system. The stiffness is directly calculated from the resulting force-displacement 

data.  The second method uses a material specimen with a known stiffness and assumes the 

difference between the expected stiffness and the measured stiffness to be a result of system 

compliance.  The third method applies large plastic strains to a specimen and compares the 

specimen displacement to that measured by the system at the maximum load.  

The first two methods above, but not the third, were used to characterize the system.  The 

linear elastic materials chosen were aluminum 6061-T6 and stainless steel 304.  The compressive 

yield strengths of these materials are between 205 and 240 MPa, resulting in yield loads between 

3.6 and 4.2 kN (McMaster-Carr Material Data Sheets) for specimens 4.8 mm in diameter and 9.6 

mm tall.  The Deben system has a 3 kN load cell, so at maximum load cell capacity, neither 

material experiences plastic deformation.  The third method could not be performed on the Deben 

system with the materials selected for the system characterization because it would require loads 

that are higher than the load cell’s capacity.  The goal of this experiment was to use the first two 

methods described by Kalidindi et al. [71] to characterize the system stiffness in order to 

determine specimen displacement in future experiments as well as to evaluate the custom self-

aligning platen design.   

For the first method described above, the two platens were compressed without a 

specimen. The platens were placed in contact with each other with a preload of 10 N.  A 

displacement rate of 0.6 mm/min was applied until a maximum load of 1200 N was reached.  
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This maximum load was triple the maximum load previously documented for rat vertebral bodies 

[6, 46, 68].  Data were collected at a sampling rate of 10 Hz.  Nine trials were performed on both 

the standard and the self-aligning platen configurations.  

The second method used materials with a known linear elastic modulus.  Aluminum 

6061-T6 alloy and stainless steel 304 specimens were tested in compression to calculate the 

system compliance using a material with a known elastic modulus.  Six aluminum and three 

stainless steel specimens were prepared by cutting a 4.8mm (or stock 3/16 in) diameter rod into 

12 mm segments and then polishing the ends down to nominally 9.6 (± 0.2) mm using a custom 

made polishing holder designed by another student.  After polishing the dimensions of each 

specimen where recorded. The specimens had a 2:1 height to diameter ratio, which was the 

minimum recommended in ASTM standard E9-09 on compression testing of metallic materials 

[73].  Six aluminum specimens were tested: three in the standard platen and three in the self-

aligning platen.  The same three steel specimens were tested in both the standard and self-aligning 

platen configurations. Three trials were performed for each specimen. All trials were performed 

using the same protocol listed in the first method; a displacement rate of 0.6mm/min was applied 

until a maximum load of 2700 N was reached while data were recorded at 10 Hz.   

All data were then analyzed using a custom Matlab (Mathworks Inc., Natick, 

Massachusetts) code applying the methods outlined above [71]. The elastic moduli for aluminum 

and steel were assumed to be 69 GPa and 200 GPa respectively, based on the supplier material 

data sheets (McMaster-Carr Supply Company, Elmhurst, Illinois).  The calculated stiffness from 

the linear portion of the force-displacement curve was calculated from all the data points between 

400 and 1000 N. The stiffness was defined as the slope calculated from a linear regression curve 

fit to characterize the relationship between the force and displacement data.  The coefficient of 
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determination was then calculated to verify how well the linear assumption fit the system force -

displacement curve.   

The results were statistically analyzed using SPSS software version 20.0 (IBM 

Corporation, Armonk, New York). The resulting stiffness values were analyzed using an 

ANOVA to compare the three different materials within each platen configuration.  Then a 

Student’s t-test was performed to compare the standard and self-aligning platens for each method.   

The results from this analysis are summarized in the following section.  

3.4 Results 

 Figure 15 to Figure 17 show the system force-displacement results for all trials.  Figure 

15 shows the non-specimen compression testing results from the first system characterization 

method on the standard and self-aligning platens.  Figure 16 shows the system force-displacement 

curves calculated from aluminum for all trials performed on the standard and self-aligning platen.  

Figure 17 presents the system force-displacement curves calculated from compressive testing of 

the stainless steel specimens.   
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Figure 15:  Deben micromechanical testing system force-displacement data collected by 

conducting a compression test without a specimen between the standard platens (top) 

included with the testing system and custom self-aligning platen (bottom).  These results 

include nine trials for each platen configuration.
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Figure 16: Deben micromechanical testing system force-displacement data calculated from 

compression testing of 4.8 mm diameter and 9.6 mm tall aluminum 6061-T6 specimens 

using the standard platens (top) included with the testing system and custom self-aligning 

platen (bottom).  These results include three specimens, each compressed within the linear 

elastic region for three trials on each platen configuration.
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Figure 17: Deben micromechanical testing system force-displacement data calculated from 

compression testing of 4.8 mm diameter and 9.6 mm tall stainless steel 304 specimens using 

the standard platens (top) included with the testing system and custom self-aligning platen 

(bottom).  These results include three specimens, each compressed within the linear elastic 

region for three trials on each platen configuration. 
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The results show different force-displacement patterns between the standard and self-

aligning platens. There appears to be a consistent linear pattern in the standard platen curves 

while the self-aligning platen curves exhibit some non-linear behavior due to settling.   

 

Figure 18: Mean system stiffness values calculated from compression testing of aluminum 

6061 T6, stainless steel 304, and non-sample trials on a standard platen and a self-aligning 

platen.  Each condition presented had nine data trials for comparison. The reported elastic 

moduli of the aluminum and stainless steel specimens were used to determine the system 

stiffness, while the force-displacement curve of the non-sample trials was used to calculate 

the system stiffness. The error bars show the standard deviation for each group and an 

asterisk (*) indicates significance (p < 0.05). 

The system stiffness results, showing the mean of each testing group, are presented in 

Figure 18.  Each testing condition had nine trials for statistical analysis. A one-way ANOVA was 

performed to compare the two stiffness calculation techniques within each platen configuration.   

For the standard platen, the p-value was 0.246, meaning there was no significant difference 



40 

 

between the three techniques using the standard setup.  The p-value for the self-aligning platen 

was less than 0.001, meaning there was a significant difference between the results from each 

calibration technique.  A post-hoc Tukey test was then performed to determine which of the three 

groups tested on the self-aligning platen differed from each other.  Comparing the results 

calculated from steel to those with non-sample and then comparing non-sample to the steel results 

both gave p = 0.009.   All other comparisons between the groups gave p = 0.000.  These 

significance values indicate there is a difference between all three groups (aluminum, steel, and 

non-sample) a using the self-aligning platen.    

The stiffness values from each calculation technique were independently compared 

between the two different platen configurations with a two-tailed paired Student’s t-test.  In all 

three comparisons, p = 0.000, supporting a difference between the standard and self-aligning 

platens.  The self-aligning platens significantly decreased the system stiffness, which and show 

non-linear mechanical response making it more difficult to quantify the error in the system. 

3.5 Discussion 

 Analyzing the calculated machine stiffness results showed there were differences 

between the standard and self-aligning platens.  Despite these differences, the standard deviation 

of machine stiffness for each method and platen configuration was within 5% of the mean.  The 

repeatability of the system characterization testing indicates the results from this analysis are 

reliable and repeatable.   

The three techniques used for system characterization gave different results using the 

self-aligning platens, but not while using the standard platens.  The differences in the self-

aligning platen results are due in part to design flaws of these particular platens.  The platens 

consist of a titanium plate and a stainless steel bearing ball on a stainless steel base.  The small 

ball and the mating hole in the steel base created a stress concentration.  The ball has a diameter 
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of 4.76 mm (3/16 in) which is the same diameter as the specimens tested.  This makes it the 

smallest cross-sectional area in the platen with a cross-sectional area that is five times smaller 

than the smallest cross-section on the standard platen.  Although the ball is made from a stiffer 

material, the dimensions are on the same order of magnitude as the sample, which means the 

platen was not significantly stiffer than the testing specimen.  This was one factor that increased 

the compliance of the self-aligning platen.  Also, the ball created an additional contact surface 

introducing Hertzian contact stresses into the testing system.  In addition, titanium was the 

selected material because of its lower inertial properties; however, titanium is a more compliant 

material than steel.  Titanium has an elastic modulus of 114 GPa, while steel has an elastic 

modulus of 210 GPa.  These design factors influenced the mechanical testing results.   

A comparison between the standard and self-aligning platen results in Figure 15 show 

that the force-displacement curves have a different shape, and this trend continues in Figure 16 

and Figure 17.  The self-aligning platen curves do not become linear until the system is loaded to 

400 N.  This suggests the self-aligning platen is not properly “settled” until loaded to that level.  

The maximum loads expected in rat vertebral body loading are 300 N.  The results from the self-

aligning platens are not well defined within that range.   As a result of this settling process, the 

standard platens were selected for future testing because the errors induced by these platens are 

better understood and documented that those induced by the custom platens.   
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Figure 19: Diagram of an improved self-aligning platen solution designed by Justin Morton 

[74]. 

Future work involving compression testing of rat vertebral bodies on the Deben 

micromechanical testing system will utilize a revised design concept shown in Figure 19.   This 

improved design eliminates the ball bearing surface all together, which eliminates the effects of 

contact and wear stresses.  This design has a larger radius of curvature at the platen contact point, 

which allowed for more material at the bearing point, and is made of hardened steel to further 

reduce adapter deformation during the test [74].   

The system characterization methods used to analyze the data assumed linear machine 

stiffness.  The mean R
2
 value for the linear regression fit for all data was 0.995 with a standard 

deviation of 0.002.  Applying a linear model to calculate the elastic modulus accounted for over 

99% of the variation in the data for all trials.  Therefore, the linear model used to calculate the 
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stiffness was considered to be appropriate for the mechanical testing conducted in this thesis.  

Based on the data presented, all further work assumes a linear system stiffness of 15.6 kN/mm 

using the standard platen.   

3.6 Conclusions 

 Two different methods were used to determine the system stiffness of the Deben 

micromechanical testing machine.  One method determined the stiffness from a system force-

displacement curve and a second method used linear elastic materials (aluminum and steel in this 

case) with known elastic moduli to calculate system stiffness.   Using the standard platens 

provided with the system, the stiffness was determined to be 15.6 kN/mm with no significant 

difference between the three techniques considered.    

When compared to the standard platens, the custom made self-aligning platens resulted in 

more inconsistent results.  The system stiffness results were between 8.35 and 10.8 kN/mm for 

the self-aligning platens, and a significant difference was found between all three techniques.  

The self-aligning platens increased the system compliance and created more errors in the system. 

Flaws in the design influenced platen performance, and a revision of the design is recommended 

for future work.  One critical design change is to increase the radius of the bearing surface, and 

avoid a ball bearing all together.  The self-aligning platen design has been revised for future 

experiments.  

Errors induced by shear forces at the non-parallel surface of the standard platen are 

known and understood [75].  Further work presented in this thesis will be done using the standard 

platens issued with the Deben micromechanical testing system and a stiffness correction factor 

(with the standard deviation) of 15.6 (± 0.6) kN/mm. 
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Chapter 4 

Uniaxial Compression Testing of Rat Vertebral Bodies 

In order to determine the effectiveness of osteoporosis treatments, they can first be tested 

on a rat animal model.  Properties calculated from mechanical testing can be used as a means for 

evaluating the effectiveness of a given  treatment [10, 16, 71].  In this thesis, the focus will be on 

uniaxial compression testing of rat vertebral bodies. Vertebral bodies were chosen because they 

experience a compressive load in vivo. Lumbar vertebrae were tested because osteoporosis tends 

to affect the lumbar spine in humans and rats [3]. 

The Deben micromechanical testing system (Deben UK Ltd., Suffolk, UK) is a custom 

materials testing system designed to be used in a microCT scanner.  It allows a researcher to 

simultaneously test bone specimens mechanically while collecting microCT images.  This 

custom-made system was used for the first time in the experiments presented in this thesis and its 

function was verified in Chapter 3.  A system stiffness correction was applied to the experiments 

presented in this chapter.  

The primary objective of this study is to compare two specimen preparation techniques 

using microCT imaging and mechanical testing.  

4.1 Experimental Methods 

 Twenty-four vertebral body specimens were prepared, consisting of two vertebral levels, 

(L3 and L4) from a total of 12 Wistar rats.  The two vertebral bodies from a single rat each had a 

different specimen preparation method (i.e. cut versus embedded) applied in order to minimize 

the variability between rats and vertebral levels.  During one of the microCT scans, a specimen 

fell off the scanning stage and was damaged.  In addition, a technical error occurred, resulting in 
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data not being recorded during the compression testing of another specimen. As a result, these 

two specimens were discarded along with the partner vertebral bodies from their respective rats.  

The remaining analysis consisted of 20 specimens from a total of 10 rats, which corresponds to 

four groups of five sample preparation and vertebral body pairs: L3 cut, L4 cut, L3 embedded, 

and L4 embedded.  

4.1.1 Specimen Preparation 

 Prior to specimen preparation, the rat spines were dissected, wrapped in gauze soaked in 

a 0.9% saline solution, and frozen at -20 °C within 24 hours post-mortem.  For mechanical 

testing, spines were removed from the freezer and thawed overnight prior to vertebrae dissection.  

The third and fourth lumbar vertebrae were isolated and their spinous processes and pedicles were 

removed as close to the vertebral body as possible with dissection scissors.  Next, the vertebral 

bodies were prepared for testing using one of the two specimen preparation methods: cut versus 

embedded.   

To prepare the cut surfaces, a custom mini miter saw guide, shown in Figure 20, was 

designed and 3D printed in acrylonitrile butadiene styrene (ABS) plastic.  The miter saw guide 

used a razor blade as the saw and had two alignment surfaces. A rubber lining was added to 

increase friction between the vertebral body and the alignment surfaces.  In order to create 

consistent cuts the dorsal surface of the bone was placed on the horizontal surface for each cut. 

To further ensure cut surfaces were parallel and perpendicular to the loading axis, the loading 

surfaces were gently sanded with sandpaper lubricated by saline. After preparation, specimens 

were again wrapped in saline-soaked gauze.  The specimens in the cut group were cut and sanded 

on both the caudal and cranial surfaces, while those in the embedded group were cut only at the 

caudal surface.  
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Figure 20: CAD model of the miniature miter saw made to aid in cutting the loading 

surfaces of the rat vertebral bodies.  Design features include slots to fit a razor blade “saw” 

(a), as well as two right-angled surfaces to ensure consistent alignment of the specimen (b). 

(Engineering drawings are included in Appendix C.) 

Embedded specimens were prepared using the methods described by Bushinsky et al. 

[22].  PMMA from Technovit 9100 (Heraeus Holding GmbH, Hanau, Germany) was used to 

embed the cranial end of each specimen after the caudal surface had been cut.  PMMA monomer 

powder and polymerizing liquid were mixed at a 2:1 weight ratio.  After having been mixed for 

about 3 minutes, a dab of the PMMA solution was placed on the cranial surface of the vertebral 

body.  The bone specimen was then placed on the lower platen of the mechanical testing rig and 

compressed until a preload of 1N was registered by the load cell.  The bone cement was then 

allowed to cure for 10 minutes. Figure 21 gives a visual representation of this specimen 

preparation method.  
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Figure 21: A visual diagram showing Bushinsky et al. [22] preparation methods.  The figure 

was adapted from a sketch drawn by Dr. Tom Willett.  

4.1.2 MicroCT Imaging 

MicroCT images were taken of each specimen, with the exception of Specimens 19 and 

20, before and after mechanical testing with an Xradia (Pleasanton, CA) microCT scanner.  

Specimens 19 and 20 were prepared as back-up specimens to ensure a sample of 20 vertebral 

bodies were mechanically tested. Once these two specimens were required there was no longer 

time to complete two rounds of scanning for the two specimens within 24 hours after they were 

thawed. As a result, Specimens 19 and 20 only have microCT images recording the failures after 

uniaxial compression testing.   

During the microCT scanning the source was located 100 mm from the specimen while 

the detector was positioned 460 mm from the specimen. The peak applied electron voltage across 
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the x-ray tube was set to 40 kV.  The x-ray tube current was 150 mA, and each image had a 5-

second exposure time.  These settings were all established using the manufacturer’s 

recommended protocols.  Four images were taken per degree from -94 to 94 degrees for a total of 

752 images.  Each scan took 1 hour 52 minutes to complete.  Bone specimens were stored in a 

container partially filled with saline and topped with saline-soaked gauze to keep the specimen 

hydrated during the scan.  Radiation has been shown to decrease bone strength, elasticity, and 

fracture resistance [77].  These effects were neglected for the work presented in this thesis.  

MicroCT images were reconstructed by visually approximating the center shift in order to 

create a series of axial images. Center shift values for all specimens ranged from 3 to 17 pixels. A 

bit-scaling filter was applied to the image reconstructions between 30 and 150.  This step 

increases the contrast between the bone and scan medium in the microCT images without 

significantly affecting the resolution [50], thereby improving the segmenting quality by making it 

easier to isolate the bone from the scanning medium for qualitative analysis.   

4.1.3 Uniaxial Compression Testing 

Prior to compression testing, the dimensions of each specimen were taken with Vernier 

calipers and recorded.  Figure 22 shows a diagram of the points on the bone where measurements 

were taken.  Each shown dimension was measured three times. For apparent analysis the 

measurements were averaged to give a single value for each dimension.  
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Figure 22: Diagram depicting how the vertebral body specimens were measured.  On the 

left is a sagittal cross sectional view showing where the height was measured.  For cut 

specimens the sagittal cross section was rectangular so only H1 was recorded.  Diameter 

measurements are shown on the center on a transverse view.  The right coronal view depicts 

where the repeated measures were taken.  The height was measured three times at locations 

1, 2, and 3.  The diameter measurements were repeated at locations 4, 5, and 6 from the 

center coronal view.  

Uniaxial compression tests were performed on a Deben micromechanical testing system. 

The same testing protocols were performed on all specimens. First, a 5-10 N preload was applied 

and recorded [30]. Then, the top and bottom platens were displaced such that a nominal 

consistent displacement rate of 0.6 mm/min was applied to the specimen and continued until a 

10% drop in maximum load was observed.  After the test, each specimen was scanned again as 

described in Section 4.1.2.  

4.2 Analysis Methods 

The outlined testing methods gave two sets of data: (1) 40 sets of microCT images (one 

prior to mechanical testing and one after for each specimen); and (2) 20 sets of force versus 

displacement data (one for each specimen).    
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4.2.1 MicroCT Image Analysis  

 The reconstructed axial images were imported into Avizo software (Visualization 

Sciences Group, Burlington, Massachusetts).  The voxel resolution for each set of images was 

approximately 20x20x20 μm.  In Avizo, each image was segmented using a common threshold 

value of 13305 (maximum is 64050) to obtain a rendered 3D volume of the specimen.  The 

threshold value was selected by visual assessment.  Quantitative methods using a histogram of 

greyscale values taken across a region of interest to select a threshold range for each specimen 

were not used in the work presented in this thesis because quantitative parameters were not 

calculated from the microCT scan data.  Images of all volume renderings of each specimen are 

presented in Appendix A.  The images were then categorized by failure characteristics for a 

qualitative comparison.  

4.2.2 Mechanical Testing Analysis 

A custom Matlab (Mathworks, Natick, Massachusetts) program was written to analyze 

the compression testing data.  The first step in the analysis was to compensate for the system 

compliance (characterized in Chapter 3) in the measured displacement data.  Equation 1 was 

applied for this purpose:  

                    
 

       
 

(1) 

where δ is the displacement, F is the measured force and k is the stiffness of the system 

(calculated in Chapter 3). The program plots the data and calculates the following compression 

testing parameters: yield and failure load, yield and failure displacement, stiffness, yield and 

ultimate stress, yield and failure strain, elastic modulus, and energy to failure per unit volume. 

The mechanical properties of the bone cement were neglected in the analysis presented in 

this thesis.  The properties of the bone cement differ by batch and a separate batch was mixed for 
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each specimen.  A sample of the bone cement was not set aside for mechanical testing with each 

batch in the protocol used.  It is recommended that this step is carried out in order to define the 

bone cement material properties.  Additionally the small irregular size of the bone cement dabs 

made geometric approximation difficult.  The bone cement used was radiolucent and was not 

visible in the microCT images taken, so more accurate measurements could not be made from the 

images. Finally there was no visible failure in the bone cement observed such that the bone likely 

failed before the bone cement for all the specimens tested.  Bushinsky et al. [22] did not report 

any compensation for the bone cement mechanical properties. It was concluded that estimating 

the bone cement mechanical properties may induce more error than neglecting the bone cement 

properties altogether for the work presented.  

 The force versus displacement data were plotted by the program.  The linear region of the 

resulting curve was then selected by the user [78].  This user-defined linear region was used to 

calculate the specimen stiffness and was later applied to elastic modulus calculations [79].  For all 

of the data, the linear regression model had a coefficient of determination (R
2
) between 0.973 and 

0.998, confirming that a linear assumption for the selected region was valid.  The stiffness was 

defined as the slope of the linear region.  Failure was defined by a 5% drop in the maximum 

force.  The data were truncated at the failure point for further analysis.   

 The apparent stress and strain were calculated using the vertebral body dimensions taken 

prior to testing.  The maximum measured height (H1 in Figure 22) was used for the strain 

calculation.  The cross-sectional area of the bone was assumed to be an ellipse with the mean 

sagittal and coronal widths of the vertebral body for the two diameters.  The elastic modulus was 

calculated from the slope of a linear regression fit applied to all the stress-strain values in the 

user-defined linear region of the corresponding force-displacement curve.   
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 A 0.2% offset of the linear slope used to calculate the apparent elastic modulus was 

plotted, and the yield point was defined as the point where that line intersected with the stress-

strain curve.  A 0.2% offset was chosen because it is the most frequent yield definition presented 

in the literature on compression testing of bone [15], [35], [70], and upon analyses, that yield 

definition agreed with the observed stress-strain results. The energy to failure per unit volume is 

defined as the area under the stress-strain curve prior to failure.  A numerical trapezoidal 

integration method was used to calculate this value.   

 

4.2.3 Statistical Analysis 

In order to compare the embedded and cut specimen groups, the data were analyzed 

statistically using SPSS software version 21.0 (IBM Corporation, Armonk, New York).  Because 

a relatively small sample size of 10 was tested in each group, a Levene’s test for equality of 

variances was performed to assess the differences in the standard deviations between the two 

groups. The outcome of this test determined whether or not an equal variances assumption could 

be applied to further statistical analysis.  An independent two-tailed Student’s t-test was then 

performed to compare the two groups for each calculated parameter.  Significance was defined as 

a p-value less than 0.05.  

A one-way ANOVA analysis with a post-hoc test was also performed on each calculated 

parameter to ensure the vertebral body level did not influence the specimen preparation results.  

Specimens were grouped by vertebra level and preparation method to create 4 groups of 5 

specimens: L3 cut, L4 cut, L3 embedded, and L4 embedded.  Again, significance was defined 

with a p-value less than 0.05.  
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4.3 Results 

The results from the experimental and analytical methods are presented in two categories:  

mechanical properties and failure characterization.   The mechanical properties focus on the 

mechanical testing data and the parameters calculated from that set of data.  Failure 

characterization is the qualitative classification of the observed cracks.  

4.3.1 Mechanical Properties 

Representative force-displacement and apparent stress-strain curves with the 

corresponding linear regression models and yield offset calculations for embedded Specimen 3 

are presented in Figure 23.   Figures for all other specimens are in Appendix A.

 

Figure 23: Specimen force-displacement (left) and stress-strain before failure (right) curves 

are presented here.  Both figures include the respective linear regression models used to 

determine the specimen stiffness and compressive modulus.  The stress-strain figure 

includes the 0.02% offset model used to define yield. 
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Table 3 shows the results of the statistical analysis for eleven parameters calculated from 

the mechanical testing data.  The cut and embedded specimen preparation methods were 

compared for each calculated parameter.  Significance was defined using a 95% confidence 

interval such that p < 0.05.  Differences were observed in the stiffness (p = 0.026), yield 

displacement (p = 0.007), and yield strain (p = 0.050). The cut specimens had a greater stiffness, 

and the embedded group had greater yield displacement and strain.   

The results from an ANOVA analysis only showed significant differences in the yield 

displacement and the yield strain. The post-hoc test revealed that for yield displacement L3 cut 

and L3 embedded samples (p = 0.03) differed as well as the L4 cut and L3 embedded specimens 

(p = 0.02).  Yield strain also resulted in differences between L3 cut and L3 embedded (p = 0.05) 

and L4 cut and L3 embedded (p = 0.04).  No other differences between the groups were detected.  

None of the analysis showed a difference between the vertebral body levels with the same 

specimen preparation method applied. 
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Table 3: Mean values of eleven uniaxial compression test parameters compared between the 

cut and embedded specimen preparation methods. Standard deviation follows each value in 

parentheses.  A single asterisk (*) indicates the variances were not assumed to be equal.  A 

double asterisk (**) indicates a significance of p<0.05 was observed comparing the two 

groups with an independent two-tailed Student’s t-test.   

 Cut Embedded p 

Stiffness (N/mm) 1460 (578) 883 (478.2) 0.026 ** 

Yield Force (N) 164.7 (44.32) 193.5 (51.34) 0.916 

Yield Displacement (mm) * 0.146 (0.047) 0.275 (0.116) 0.007 ** 

Maximum Force (N) 197.4 (45.45) 227.1 (45.94) 0.164 

Displacement at Failure (mm) 0.336 (0.142) 0.453 (0.147) 0.087 

Elastic Modulus (MPa) 825 (340) 592 (283) 0.113 

Yield Stress (MPa) 15.6  (4.09) 19.0  (4.54) 0.101 

Yield Strain 0.024 (0.008) 0.037 (0.018) 0.050 ** 

Ultimate Stress (MPa) 18.7 (4.03) 22.2 (3.63) 0.056 

Strain at Failure 0.056 (0.023) 0.065 (0.021) 0.390 

Energy to Failure per unit  

Volume (J/mm
3
)  

1.31 (0.20) 1.27 (0.22) 0.676 

  

4.3.2 Failure Characterization 

The microCT image of each failed specimen is shown with the corresponding stress-

strain plot in Figure 24 through Figure 43.  The coordinate system used to indicate orientation in 

the images is cranial-caudal (Cr-Cd) in the vertical direction, dorsal-ventral (D-V), and right-left 

(R-L) within the transverse plane.  Based on the failure modes observed in these images, the 

specimens were classified into five different groups.  Failure in the bone was observed in one of 

four general locations: the cranial surface, the caudal surface, the dorsal surface, or in the 

trabecular bone.  The fifth group included failures caused by stress concentrations created during 

specimen preparation. 
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Figure 24: Specimen 1 stress-strain results (left) and microCT image of failed test specimen 

(right).  The highlighted area shows a failure in the trabecular structure just beneath the 

dorsal cortical bone surface. 

  

Figure 25: Specimen 2 stress-strain results (left) and image of failure taken from a microCT 

scan after mechanical testing (right).  The highlighted area shows a failure due to end 

effects during mechanical testing at the caudal dorsal surface. The observed cracks labeled 

1 to 7 are all initiated with longitudinal cracks. Two larger vascular channels were also 

identified at the dorsal surface and are labeled a and b. No failures were observed at these 

vascular channels. 
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Figure 26: Specimen 3 stress-strain results (left) and image of failure taken from a microCT 

scan after mechanical testing (right).  The highlighted area shows a failure in the cortical 

structure at the dorsal surface.  Cracks 1, 2, and 3 propagate from vascular channel a.  

Crack 4 originates at an angle in the cortical surface resulting from specimen preparation.  

No failures were observed at vascular channel b.  

  

Figure 27: Specimen 4 stress-strain results (left) and image of failure taken from a microCT 

scan after mechanical testing (right).  The highlighted area shows end effect failure at the 

cut cranial surface. 
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Figure 28: Specimen 5 stress-strain results (left) and image of failure taken from a microCT 

scan after mechanical testing (right).  The highlighted area shows failures at the cranial 

endplate, and one crack, 2, just below the endplate surface. 

  

Figure 29: Specimen 6 stress-strain results (left) and image of failure taken from a microCT 

scan after mechanical testing (right).  The highlighted areas show a failure at the dorsal 

surface and cracks stemming from the cranial surface.  The transverse dorsal crack runs 

through channels a and b.  
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Figure 30: Specimen 7 stress-strain results (left) and image of failure taken from a microCT 

scan after mechanical testing (right).  The highlighted areas show failures at the dorsal 

surface and end effect failures at the cranial surface.  

  

Figure 31: Specimen 8 stress-strain results (left) and image of failure taken from microCT 

scan after mechanical testing (right).  The highlighted area shows a failure at the caudal 

surface resulting from specimen preparation.  The specimen preparation methods trimmed 

more of the right side of the vertebral body than is ideal.  
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Figure 32: Specimen 9 stress-strain results (left) and image of failure taken from a microCT 

scan after mechanical testing (right).  The highlighted area shows a failure in the dorsal 

surface with a transverse crack between vascular channels a and b.  

 
 

Figure 33: Specimen 10 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  The highlighted area shows two transverse 

cracks at the dorsal surface.  Also the specimen preparation at the right side removed more 

of the vertebral body than is ideal. No failures were observed at vascular channels a and b.  
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Figure 34: Specimen 11 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  The highlighted area shows two failures at 

the dorsal surface near the cut edges from pedicle removal of the cortical bone. No cracks 

were observed at vascular channels a and b.  

 
 

Figure 35: Specimen 12 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  An unknown artifact interfered with the 

quality of this 3D reconstruction of the microCT data. The highlighted area shows a failure 

in the caudal surface.  The scan taken before mechanical testing indicates there are two 

vascular channels at a and b.  No failures were observed at these channels.  
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Figure 36: Specimen 13 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  The highlighted areas show a radial crack in 

the endplate (1) and a crack near the caudal surface (2) stemming from an axial cut made 

during specimen preparation.  

 

 

Figure 37: Specimen 14 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  The highlighted area shows a transverse 

failure in the dorsal surface. No failures were observed at vascular channels a and b.  

Specimen preparation methods removed more of the right cranial portion of the vertebral 

body than in other specimens.  
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Figure 38: Specimen 15 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  The highlighted areas show radial cracks in 

the cranial endplate. 

  

Figure 39: Specimen 16 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  The highlighted area shows a transverse 

crack pattern (2), originating between vascular channels a and b, that appears to continue 

past channel a to crack 1.  
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Figure 40: Specimen 17 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  The highlighted area shows a crack 

propagating from the region between vascular channels a and b. Cracks 1, 3, 4, and 6 are 

primarily transverse while cracks 2 and 5 are longitudinal.  

  

Figure 41: Specimen 18 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  The highlighted area shows end effect 

cracks at the dorsal side of the caudal surface. 
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Figure 42: Specimen 19 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  The highlighted area shows two transverse 

cracks at the dorsal surface.  

 
 

Figure 43: Specimen 20 stress-strain results (left) and image of failure taken from a 

microCT scan after mechanical testing (right).  The highlighted area shows a radial crack in 

the cranial endplate. 
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The stress-strain plots for all the specimens within each failure group are summarized in 

Figure 44.  Additionally selected parameters for each group are presented in Table 4 though Table 

8. 

The failures in the cranial surface can be further categorized by endplate failure or failure 

in the bone itself.  Three cut specimens (Specimen 4, 6, and 7) had cracks propagating from the 

cut cranial surface.  All three showed a series of longitudinal cracks starting at the cut cranial 

surface in the cortical bone.   Figure 27 gives an example of this failure mode.  Four embedded 

specimens (Specimens 5, 13, 15, and 20) had radial endplate cracks.  An example of this is shown 

in Figure 28.  All of the failure modes observed at the cranial surface can be attributed to end 

effects at the loading surface.  

Within the cranial surface failure group, trends are noticeable between the cut and 

embedded specimens.  Table 4 presents measured variables for only the specimens with a cranial 

failure for comparison. The cut specimens all had a higher apparent elastic modulus than any of 

the embedded specimens.  The embedded specimens had a greater mean yield strain than the cut 

specimens.  Furthermore, the strain at failure tended to be greater in the embedded specimens, but 

this was not always the case.  Finally the energy to failure per unit volume values were not 

significantly different between the cut and embedded specimens.  
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a) B 

  
c) d) 

  
e) f) 

  

Figure 44: Stress-strain plots for each failure categorization: a) embedded endplate failure, 

b) cut cranial surface failure, c) cut caudal surface failure, d) dorsal surface failure, e) 

specimen preparation failure, and f) trabecular failure.  
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Failures at the caudal loading surface were observed in four embedded specimens 

(Specimens 2, 8, 12, and 18) and none of the cut specimens.  Similar to the cranial surface failure, 

cracks at the caudal surface were longitudinal and caused by end effects.  If two cracks developed 

close to one another, an additional transverse crack would be seen between the first two cracks.  

Figure 41 shows an example of this failure mode between cracks 2 and 4.   

Table 5 summarizes relevant properties measured for each specimen in this group.   

There are no clear trends in the caudal failure group.  It is notable that Specimen 2 has a 

yield strain much lower than any other specimens in the group.  This can be attributed to a 

disturbance in the midst of the linear loading region that met the yield criterion, shown in Figure 

25.  Because there are multiple failures in this specimen, the event could have initiated from any 

of the cracks shown in the figure.  The structure did stabilize and the system failed at 5.4% strain, 

which falls within the range of the other specimens in the group.   

The most prevalent failure location observed was on the dorsal cortical bone surface.  

This location of failure was observed in eight cut specimens (Specimens 6, 7, 10, 11, 14, 16, 17, 

and 19) and two embedded specimens (Specimens 3 and 9).  Transverse cracks were also 

observed in all specimens in this group but were not observed in any of the cranial or caudal end 

effect failures. In addition, all the transverse cracks either propagated from or progressed through 

a vascular channel, except in specimens 10, 14, and 19, where cracks propagated from axial cut 

surfaces in cortical bone.  
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Table 4: Selected parameters calculated for specimens with observed cranial surface failures.  Specimens with a plus (
+
) indicate a 

specimen with multiple failures that has been identified with another failure mode group. 

Cranial Surface 

Failures 

Preparation Maximum 

Force (N) 
       

(MPa) 

          
(MPa) 

E (MPa)        (-)       (-) Energy to Failure 

per unit  

Volume (J/mm
3
) 

Specimen 4 Cut 238 15.9 19.1 958 0.0178 0.0389 1.21 

Specimen 6
+
 Cut 252 17.4 22.7 913 0.0216 0.0547 1.40 

Specimen 7 
+
 Cut 215 21.0 25.7 1690 0.0150 0.0390 1.62 

Specimen 5 Embedded 212 20.6 23.1 628 0.0317 0.0453 1.23 

Specimen 13 
+
 Embedded 173 17.4 19.9 490 0.0348 0.0804 1.36 

Specimen 15 Embedded 161 15.5 18.1 355 0.0427 0.0757 1.18 

Specimen 20 Embedded 215 18.8 19.3 826 0.0231 0.0287 1.63 

 

Table 5: Selected parameters calculated for specimens with observed caudal surface failures.  Specimens with a plus (
+
) indicate a 

specimen with multiple failures that has been identified with another failure mode group. 

Caudal Surface 

Failures 

Preparation Maximum 

Force (N) 
       (MPa)           

(MPa) 

E (MPa)        (-)       (-) Energy to Failure 

per unit  

Volume (J/mm
3
) 

Specimen 2 Embedded 257 11.7 25.2 1134 0.0117 0.0540 1.25 

Specimen 8 Embedded 255 19.8 24.8 467 0.0419 0.0696 1.17 

Specimen 12 Embedded 296 29.5 29.6 927 0.0332 0.0406 1.48 

Specimen 18 Embedded 225 19.0 23.1 486 0.0441 0.0926 1.48 
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Table 6: Selected parameters calculated for specimens with observed dorsal surface failures.  Specimens with a plus (
+
) indicate a 

specimen with multiple failures that has been identified with another failure mode group. 

Dorsal Surface 

Failures 

Preparation Maximum 

Force (N) 
       (MPa)           

(MPa) 

E (MPa)        (-)       (-) Energy to Failure 

per unit  

Volume (J/mm
3
) 

Specimen 3 
+
 Embedded 171 17.2 18.7 271 0.0611 0.0831 0.974 

Specimen 9 Embedded 192 20.1 20.4 336 0.0687 0.0838 0.946 

Specimen 6
+
 Cut 252 17.4 22.7 913 0.0216 0.0547 1.4 

Specimen 7
+
 Cut 215 21.0 25.7 1690 0.0150 0.0390 1.62 

Specimen 10 
+
 Cut 147 9.4 14.9 492 0.0219 0.104 1.18 

Specimen 11 Cut 144 17.7 17.7 830 0.0323 0.033 1.19 

Specimen 14 
+
 Cut 127 10.9 12.4 707 0.0212 0.0864 1.20 

Specimen 16 Cut 205 19.0 19.5 554 0.0373 0.0488 1.34 

Specimen 17 Cut 215 19.7 22.0 834 0.0285 0.0547 1.41 

Specimen 19
+
 Cut 160 14.5 14.8 674 0.0268 0.0321 1.58 

 

Table 7: Selected parameters calculated for specimens with observed trabecular failures.  Specimens with a plus (
+
) indicate a specimen 

with multiple failures that has been identified with another failure mode group. 

Trabecular Failures Preparation Maximum 

Force (N) 
       (MPa)           

(MPa) 

E (MPa)        (-)       (-) Energy to Failure 

per unit  

Volume (J/mm
3
) 

Specimen 1 Cut 171 10.6 18.2 605 0.0198 0.0723 0.965 

Specimen 10 
+
 Cut 147 9.4 14.9 492 0.0219 0.104 1.18 

Specimen 14 
+
 Cut 127 10.9 12.4 707 0.0212 0.0864 1.20 
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Table 6 compares all specimens with dorsal failures.  The two embedded specimens with dorsal 

failures exhibited similar mechanical properties.  They both had a lower elastic modulus, greater yield 

strain, and a lower energy to failure per unit volume than any of the cut specimens.  The failure strain also 

tended to be lower for the cut specimens than for the embedded specimens.   

 Specimens 1, 10, and 14 exhibit a fourth failure mode: failure in the trabecular structure.  

Specimen 1 shows trabecular failure in Figure 24, stemming from the cut cranial surface of the bone. 

When compared with cortical bone, cancellous bone exhibits higher strains to failure and lower maximum 

stress [15].  The stresses and strains observed in Specimen 1 agree with this trend reported in the 

literature. In addition to dorsal cortical failures, Specimens 10 and 14 also appear to exhibit trabecular 

failure.   The failure strains for these three specimens were relatively high. That is, all were more than one 

standard deviation greater than the mean failure strain of the cut specimens.  Also, the failure loads and 

stresses tended to be lower than any other failure group.  The trabecular structure was not examined in the 

microCT images of Specimen 10 and 14 (Figure 33 and Figure 37); however, their stress-strain 

parameters are characteristic of mechanically tested trabecular bone in comparison with the specimens 

where cracks in the cortical surface were the primary failure.  In Figure 44d all the dorsal surface failures 

are combined on the same plot, and the two curves with the largest strains and the lowest stress belong to 

Specimens 10 and 14.  

Finally, it is notable that, similar to loading surface preparation, the pedicle removal influenced 

specimen quality by creating stress concentrations in the cortical bone surface and in turn affected the 

specimen failure results. An example of this effect is evident in Specimen 3 (crack 5 in Figure 26).  Table 

8 summarizes calculated values from vertebral bodies with failures due to stress concentrations from 

pedicle removal. There were no discernible trends noticed.  Specimens 3 and 19 had dorsal surface 

cracks, Specimen 8 showed caudal surface cracks, and Specimen 13 a cranial end plate failure.   

Specimen 8 had the largest failure forces and stresses in the group which agrees with the observed caudal 
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failure trend.  Specimen 19 showed a higher elastic modulus and lower failure strain than the other 

embedded specimens in this group.   

 Overall the calculated mechanical testing parameters observed in the presented study 

agree with those reported in the literature and are presented in Chapter 2 (see Table 2).  The yield and 

ultimate stress values were found to be lower than those previously reported.  The apparent analysis using 

a mean diameter recorded across the height of the specimen is likely the culprit for the underestimation of 

stress.  Additionally the ellipse assumption affects this parameter as well.  One possible solution to reduce 

this error is to determine the mean cross-sectional of each specimen from the microCT data. 
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Table 8: Selected parameters calculated for specimens with observed failures originating at stress concentrations created while isolating 

the rat vertebral body. Specimens with a plus (
+
) indicate a specimen with multiple failures that has been identified with another failure 

mode group. 

Failure Caused by 

Specimen Prep 

Preparation Maximum 

Force (N) 
       (MPa)           

(MPa) 

E (MPa)        (-)       (-) Energy to Failure 

per unit  

Volume (J/mm
3
) 

Specimen 3 
+
 Embedded 171 17.2 18.7 271 0.0611 0.0831 0.974 

Specimen 8 
+
 Embedded 255 19.8 24.8 467 0.0419 0.0696 1.17 

Specimen 13 
+
 Embedded 173 17.4 19.9 490 0.0348 0.0804 1.36 

Specimen 19 
+
 Cut 160 14.5 14.8 674 0.0268 0.0321 1.58 
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4.4 Discussion 

4.4.1 Differences in Uniaxial Compression Testing Parameters 

Stiffness, yield displacement, and yield strain showed significant differences between the 

cut and embedded specimen preparation methods.  Significant differences were not detected in 

the elastic moduli, forces, or stresses between the two groups.  The greater stiffness of the cut 

specimens was likely caused by a height difference between the embedded and cut groups. The 

cut specimens had a mean height of 6.00 mm and embedded specimens had a mean height of 6.97 

mm, making the cut specimens about 1 mm shorter than the embedded.  As a result, the aspect 

ratio in the cut specimens was lower. The minimum recommended aspect ratio for uniaxial 

compression testing specimen is 2:1 (height: width) [80].  Aspect ratios below this recommended 

limit leads to less displacement in the specimen, which in turn influences the stiffness.  The 

apparent elastic modulus is normalized for size and as a result does not show a significant 

difference. 

Bone failures are strain dependent [61],  which supports the lack of differences in the 

yield and failure forces and stresses between the two groups. There was not a significant 

difference in the displacements and strains at failure between the specimen preparation methods, 

but the values for both parameters tended to be greater in the embedded specimens.  

Displacement between yield and failure was calculated and the value for cut samples tended to be 

greater, but no significant differences between the two groups were found (p=0.845). 

 Yield displacement and strain were significantly different between the cut and embedded 

specimen preparation groups.  The angled cement-bone interface may be the cause of higher yield 

displacement and strains.  PMMA is not a bonding agent and when used clinically to aid in 
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orthopedic implant fixation it is held under pressure during the curing process.  In long bones, 

PMMA holds the implant in place with hoop stresses. The PMMA is pre-stressed because it is 

cured under pressure filling the cavity between the cortical bone and the implant.  When used at a 

trabecular bone surface, PMMA fills voids in the trabecular structure and in the textured implant 

surface.  When cured, the PMMA holds the implant in place because it is wrapped or hooked into 

both the implant and bone surfaces [75,76].  In the embedded specimen preparation methods, the 

PMMA was allowed to cure under a 1N load, but a greater load may have improved the “bond” at 

the bone interface.   

The angled geometry at the cement-bone interface may also have been a contributing 

factor in slipping.  Figure 45 shows a diagram of the bone and bone cement geometry.  Only 

friction and the quality of the bond between the bone and the bone cement prevent motion 

between the bone and bone cement as a compressive load is applied.  Without a strain gauge or 

extensometer directly attached to the bone, the data collected from an embedded specimen 

includes PMMA deformation.  The lack of a significant difference in the elastic modulus between 

the two groups further supports slipping at the interface, rather than increased deformation within 

the bone cement itself.  The PMMA is stiffer than bone, making the cement-bone interface a 

likely location for additional displacement through slipping.  The bone cement was inspected 

after all tests, and no failures were observed.  The cut bone specimens did not have this additional 

angled interface, so the only yielding location was within the bone specimens.  Direct 

measurement of bone deformation would eliminate any suspected error that might be introduced 

at the cement-bone interface.   
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Figure 45: A free body diagram depicting the forces acting on the bone cement cap and the 

vertebral body. The only forces that keep the bone cement from sliding are friction forces.  

4.4.2 Trends in Failure Process 

Failure at the cranial end plate in embedded specimens also tended to have a low failure 

load, with trabecular failures being the only group with even lower failure loads.  There is a 

relationship between bone density and strength; bone strength increases with increasing bone 

mineral density.  Without calculating the bone density but only considering the structures of 

cortical bone, the endplate and cancellous bone, it can be assumed that cortical bone is the densest 

structure of the three, followed by the endplate, and then the cancellous bone [83].  The relative 

magnitude of stresses and failure loads observed in the experimental data coincide with this trend.  

That is, specimens with cortical bone failures generally had higher failure loads than those with 

endplate failures, while the three specimens exhibiting trabecular failure had the lowest failure 

loads.  
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The dorsal surface failure was assumed to be independent of end effects, because cracks 

observed at that location did not propagate from a loading surface in any of the specimens tested.  

Clinically, human vertebral bodies in the lumbar spine fracture slowly due to steady collapse of 

the vertebrae.  Examples of lumbar compressive fractures in human spine are shown in Figure 9.  

Of the three deformities that lead to vertebral fracture in humans, the compression testing 

performed in this study best simulates a crush deformity.  Likewise in ex vivo human vertebral 

bodies the failures are localized at the center core of the specimen.  The images previously shown 

in Chapter 2 were the failure results after the specimen was compressed to 25% strain.  The 

specimens tested in this study were not deformed beyond 10% strain.  With continued applied 

displacement, the observed cracks in the dorsal cortical shell may have led to failures in the 

center of the vertebral body analogous to those seen in human vertebral bodies.  Future work 

incrementally loading and microCT imaging rat vertebral bodies could confirm this theory.  

 From this study, it is clear that rat vertebrae ex vivo fail differently from human vertebrae 

in vivo.  Bone structure is dependent on loading, and bipeds and quadrupeds do not load their 

spines the same way.  Human vertebrae carry a greater compressive load in their lumbar vertebrae 

than rats.  Walking on all fours allows a rat to distribute the weight through the caudal portion of 

its body to the ground, rather than through the lumbar spine.  This difference in vertebral loading 

patterns results in a different vertebral body shape.  Figure 46 gives an example of a rat and 

human vertebral body. With a larger diameter and a smaller height, the aspect ratio of the human 

vertebral body is lower.  This larger relative physiological cross-section allows human vertebral 

bodies to carry a greater axial load by reducing the overall stresses in the bone.   
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Figure 46: Images from a MRI scan of a rat spine (a) and CT scan of a human spine (b) (not 

to scale) show a difference in lumbar vertebral body shape between the two images.    

Another potential reason that trabecular failure was not commonly observed is that the 

trabecular network does not scale linearly with animal size [84].   Instead, the density of the 

trabecular network and the trabecular size both decrease with organism size.  As a result, rat 

bones have fewer trabeculae and a less dense trabecular network than analogous human bones.   

Six of the ten dorsal surface failures were observed at vascular canal holes.  Vascular 

canals allow blood to flow into the tissue and nourish the cells. The failures on the dorsal surface 

were observed to initiate around holes in the cortical bone.  These holes may create a stress 

concentration in the cortical surface, making the bone more likely to fail in that area.    
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The vascular channel holes observed in this sample were up to 1.2 mm in diameter.  

When the largest total dimension measured in this sample was 7 mm (ie. height), these vascular 

channels create a significant structural weakness in the bone.  These relatively large vascular 

channels were not observed in two of the vertebral body specimens tested.  Likewise this 

phenomenon has not been reported in human vertebral bodies.  To the best of the author’s 

knowledge, vascular channels in the cortical shell of human vertebral bodies have not previously 

been reported as a significant factor in failure mode.  Vascular channels the same size as those 

observed in the sample of rat vertebral bodies tested would have a less significant impact on the 

structural integrity of human vertebral bodies because human vertebral bodies are larger and have 

a denser trabecular network than rat vertebral bodies [85]. 

Four of the dorsal surface failures did not occur at the vascular channel stress 

concentrations.  Specimen 19 did not have cracks through a vascular channel because no holes 

larger than 0.1 mm were observed at the dorsal surface. The observed crack initiated at a cut 

surface in the bone resulting from pedicle removal.  Likewise despite having 0.97 and 0.43 mm 

diameter vascular channel holes in the cortical bone surface Specimen 11 cracks initiated from a 

cut surface.  In these two examples, the stress concentrations created by the cut surface must have 

been greater than those of the holes.  Specimens 10 and 14 both had trabecular failure patterns in 

the force-displacement curves.  It is suspected that the cortical failure at the dorsal surface 

observed in these specimens resulted from an underlying collapse of the trabecular network.  

These two specimens both show failures superior to the vascular channel holes; likely because 

these specimens both had significant cortical bone removed at the right superior portion of the 

vertebral body.  This lack of cortical bone had a greater effect on the structural strength than the 

vascular canal holes.  
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From the microCT scans, it was observed that the cortical bone thickness at the dorsal 

surface was thinner than that at the ventral surface.  Figure 47 shows sagittal and axial cross-

section views of Specimen 9, which shows that the crack occurred at the thinner cortical surface. 

This observation was consistent for all of the dorsal failures.  Thicker cortical bone on the ventral 

side of the vertebra indicates two things: (1) that the ventral side experienced higher stresses than 

the dorsal surface experienced in vivo; and (2) the load axis applied during mechanical testing 

was not identical to the in vivo vertebral body mechanical axis.  This suggests the mechanical 

testing performed is not analogous to normal in vivo loading conditions. 
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Figure 47: Images of Specimen 9 from the microCT scanning data highlight the difference 

in cortical bone thickness between the dorsal and ventral areas of the bone.  The left two 

images are the sagittal (a) and transverse (b) views of the scan taken prior to testing.  (c) is a 

sagittal view from the post-test scan with the dorsal failure highlighted.  The dorsal (D) and 

ventral (V) directions are labeled on each image. 

 The dorsal surface may be thinner because that surface is a part of a bony ring protecting 

the spinal cord.  The distribution of the loading through the pedicles to the ring will influence the 

bone morphology.  Much of the compressive loading applied to quadruped bones is through 

muscle forces.  The attachment sites for the tendons that connect the muscle to the bone are at the 

processes in order to increase muscle lever arms.  This means the compressive load is applied 

through the processes stemming from the pedicle and then transferred through the rat vertebral 
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body.  The bone has grown to support the load accordingly. Thus, isolating the vertebral body for 

compression testing evaluates a limited part of the loading configuration the bone was designed to 

withstand.  

 From the failure events observed in the current study, it appears that cortical bone better 

resists transverse cracking than longitudinal [61].  End effect cracks and cracks due to specimen 

preparation methods tend to be longitudinal, while the dorsal surface cortical bone cracks are 

mostly transverse.  Osteon orientation in the cortical bone creates a path less resistant to 

longitudinal crack propagation, and has been shown to require less energy to failure per unit 

volume than transverse cracks [61].  When multiple failures are observed in a specimen, these 

trends suggest cracks caused by specimen preparation end effects happen at lower strains than 

cracks caused by the loading itself.  This theory may be confirmed with simultaneous microCT 

testing and incremental loading of rat vertebral bodies. 

4.4.3 Specimen Preparation and Crack Observations 

The samples were regrouped by specimen preparation method and then by observed 

failure, and are presented in Table 9 .  

The cut specimens had more failures caused by stress concentrations resulting from 

pedicle removal.  Also two of the trabecular failures (Specimens 10 and 14) could be contributed 

to poor pedicle removal.  Embedded specimens were less sensitive to stress concentrations caused 

by pedicle removal.  The intact cranial endplate may have been a factor in preventing failures at 

those stress concentrations.  The vertebral body endplate distributes the load from the 

intervertebral disk, and the way it distributes the load to the vertebral body may have been a 

factor in the pedicle stress concentration failure mode in the embedded group.  
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Table 9: All specimens sorted first by specimen preparation method and then by failure 

location 

Specimen Preparation  Failure location(s) Specimen Number 

Cut Cut Cranial Surface Specimen 4 

Cut Cranial Surface and 

Dorsal Surface 

Specimen 6 

Specimen 7 

Dorsal Surface Specimen 14 

Specimen 16 

Specimen 17 

Dorsal Surface and Pedicle 

Removal 

Specimen 19 

Dorsal Surface and Trabecular 

Failure 

Specimen 10 

Specimen 11 

Trabecular Failure Specimen 1 

Embedded Endplate Specimen 5 

Specimen 15 

Specimen 20 

Endplate and Pedicle Removal Specimen 13 

Pedicle Removal and Cut 

Caudal Surface 

Specimen 8 

Pedicle Removal and Dorsal 

Surface 

Specimen 3 

Dorsal Surface Specimen 9 

Cut Caudal Surface Specimen 2 

Specimen 12 

Specimen 18 

 

Likewise, fewer dorsal surface failures were observed in the embedded group.  The cut 

group exhibited a dorsal cortical surface failure four times more often.  There are two possible 
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reasons for this difference.  The first is that the endplate again affected how the load was 

distributed throughout the vertebral body during the compression test.  The second is that the 

embedded method was more challenging to prepare and replicate.  The vertebral body alignment 

in the platen configuration may have influenced the failure mechanism as well.   

Eight dorsal cortical surface failures were observed in the cut specimens.  This failure 

mode was the only one that could not be directly contributed to end effects.  Vertebral body 

failures from compression testing observed in the current body of literature happen predominantly 

at the center of the vertebral body.  Those observations happen at 20% or more strain, which is 

twice the maximum apparent strain observed in this study.  In order to confirm that the dorsal 

cortical cracks are a failure mode that agrees with those in the literature, the compression testing 

should be continued until at least a strain of 0.2 is reached.  

Endplate cracks were only observed in the embedded specimens because the cut 

specimens had no endplate.  Such failures are also observed in the literature in ex vivo 

compression testing of vertebral bodies.  It is unclear whether the endplate failures observed 

occurred due to end effects caused by the addition of bone cement to the mechanical testing 

system or because of the way end plate distributes the applied compressive load throughout the 

vertebral body.   

4.4.4 Limitations 

This study had some limitations.  Errors in the equipment, testing environment, and 

specimen preparation and selection all influenced the results presented.  

The Deben micromechanical testing system was custom-made to fit inside the Xradia 

microCT scanning system.  This size constraint limited some of its features. For example, there 

are only five options available for displacement rate, ranging from 0.2 mm/min to 1.0 mm/min.  



 

85 

 

The displacement rate was kept constant for all tests, and as a result, the bones were not tested at 

a common engineering strain rate.  Bone mechanical properties have been shown to be strain rate 

dependent [86], and the cut specimens were consistently shorter than the embedded specimens.  

The engineering strain rate per minute was calculated for each test and found to be between 0.070 

and 0.088 min
-1

 for all tests.  Comparing the strain rates between the cut and embedded 

specimens with an independent paired t-test showed there was no difference in strain rate between 

the two groups (p = 0.268).  This indicates that the strain rate was not a significant factor in the 

results. 

Bone deformation in these experiments was not directly measured, but rather calculated 

from the displacement of the actuator controlling the platen with the use of a stiffness correction 

value (see Equation 1 in Section 4.2.2).  A uniform strain within the bone was assumed in the 

mechanical testing analysis.  Bone does not deform uniformly [15] and this assumption may 

underestimate the strains at failure.  For accurate measurement of bone strain, strain gauges or 

imaging techniques are recommended to improve the accuracy of the methods presented in this 

experiment.  

Another limitation stems from the standard platens provided with the mechanical testing 

system.  When attached to the system, the platen surfaces were visibly not parallel to each other.  

In addition to the concerns raised in Chapter 2 (Section 2.4) about the loading surface, the platens 

sometimes introduced a bending moment in the specimens.   In some instances, the specimen was 

unable to resist the moment and tipped over during the compression test (see Figure 48). The 

specimen preparation cut was adjusted to resist this moment to prevent the specimen from 

moving during the test.  However, neither the force creating the moment nor the resulting 

deformations were recorded.  Unwanted bending moments have been recorded in human 
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vertebral body testing with specimen loading surfaces embedded in PMMA. Mirzaei et al. [66] 

recommend using rubber pads between the bone and the platen in human vertebral body 

compression testing in order to simulate the intervertebral disks and ensure a uniaxial load is 

transferred. This setup may be worth considering in future testing, although the parallelogram 

geometry of the rat vertebral bodies would make implementation more challenging.  

 

Figure 48: An image of Specimen 15 during mechanical testing.  During the compression 

testing the specimen rotated about the x-axis until it stabilized at the dorsal edge of the 

caudal surface.  This rotation was caused by the non-parallel platens and the angle of the 

cut caudal surface.  

It has been determined that bone failure seldom happens from a single loading axis [15].  

Trabecular and cortical bone tissues are not aligned with the loading axis of the testing system, so 

failure of these structures does necessarily directly result from the axial compressive load.  Multi-

axial failure is dependent on multiple strains, but strains were only recorded in a single direction. 
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For a more accurate characterization of the failures presented here, force and displacement data 

should be collected from multiple axes.  Force data could be collected with a multi-axis load cell 

in order to detect the shear forces applied to the specimen in order to better determine the stress 

state at failure.   

Friction at the platen-bone interface was not taken into account in this study.  There were 

no adjustments made to the platen surface to minimize friction.  It was assumed the friction 

between the platen and the bone was negligible, provided surfaces were parallel.  For the 

embedded surface of the bone, the no-friction assumption could not be made.  In fact, the PMMA 

bonded to the platen surface, creating a nearly rigid interface with the platen.  This further 

complicated the bone and bone cement interface and the suspected slipping at that interface. 

The testing environment could not be fully controlled.  The space has multiple users for 

various purposes, resulting in an environment not ideal for testing biological tissue.  Temperature 

and humidity were recorded each day.  The temperature was consistently between 24 and 25°C.  

Because bone mechanical properties are temperature-dependent [12], this means that the 

mechanical testing parameters from this experiment can only be compared with those results 

tested at the same temperature.  At the same time conclusions and trends observed from 

mechanical testing of bone at room temperature have been shown to be repeatable across 

temperatures [70].   

  The bigger concern was the humidity in the room, which was between 10% and 22% 

throughout testing.  Bone mechanical properties are very sensitive to moisture content, and 10 

minutes of exposure to air is enough to influence the mechanical properties of the bone [87]. A 

more humid environment would have been beneficial.  An effort was made during microCT 

scanning to keep the bone in a closed container with saline on the bottom and saline-soaked gauze 
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on top.  The bone was uncovered and exposed to air during the 10 minute period while the bone 

cement was curing.  

  Cutting the bone surface destroys some of the trabecular structure, which in turn 

affects the cancellous geometry at the surface and the load distribution throughout the vertebral 

body.   The role of the endplate in the vertebral body is to distribute the load from the 

intervertebral disk throughout the vertebral body.  Removal of the endplate and the subsequent 

damage to the trabecular network influences the mechanical properties.  The intact endplate 

within the embedded structures may have contributed to the higher loads and stresses observed in 

that group.  

Cutting the trabecular structure also creates a rough surface, which is not the ideal 

smooth polished surface recommended to reduce end effects errors in uniaxial compression.  

Some of the literature reports cyclical preloading to reduce the end effects of compression testing.  

However there are counter arguments claiming that the cyclical preloading creates damaging 

micro cracks in the trabecular structure at the surface that influence the mechanical testing 

outcomes [15].  

 There were additional challenges in the specimen preparation.  Attempting to excise the 

rat vertebral body using a scalpel and dissection scissors often led to excessive damage, and in 

these cases, the specimens were discarded.  Some of the specimens tested still sustained some 

damage from the excision process, particularly in the cortical bone.  From the microCT images, it 

is clear that the condition of these specimens was worse than initially suspected.   

Specimen 3 (shown in Figure 49) gives an example of a stress concentration created 

while removing a pedicle and the resulting crack at that location.  The surface cracks observed are 
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near the damaged bone, which indicates that the quality of vertebral body excision influences the 

failure location by introducing stress concentrations and changing the material structure. The 

results of the four specimens with cracks caused by stress concentrations in pedicle removal are 

all presented in the fifth failure group (Table 8). 

The specimen preparation methods were challenging and took time to perform well.  

With both preparation methods, cutting parallel loading surfaces is challenging. When done 

incorrectly, shear and bending moments are included but not measured in the test [66].  

Specimens are labeled based on the order they were prepared and tested.  Specimens 1 to 10 

cracked due to end effects more often than Specimens 11 to 20.  Specimens were prepared and 

tested each day in small groups of four, which means no more than two cut specimens were 

prepared before an embedded specimen was prepared. This indicates there was a learning effect 

on the results; that is, specimen preparation improved throughout the course of the experiment.    
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Figure 49: Image on the left shows Specimen 3 with a highlighted stress concentration 

created from removing a pedicle. The right image shows the same specimen after testing 

with the failure caused by the stress concentration. 

   

The relatively small sample size and high variability of testing biological samples make it 

more challenging to draw definitive conclusions from the mechanical testing data.  For example, 

the low yield point in Specimen 2 likely affected the results of the Student’s t-test comparing the 

cut and embedded specimens.  Omitting Specimen 2 from the embedded group in this statistical 

analysis decreases the mean apparent elastic modulus and increases the mean yield stress for the 

embedded group.  These parameters were on the verge of trending with p = 0.113 and 0.101 

respectively, and omitting Specimen 2 would confirm trends of a lower elastic modulus and 

higher yield stress in the embedded group.  Likewise the yield strain parameter is on the cusp of 

significance.  Omitting Specimen 2 would increase the mean yield strain and confirm a 
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significant difference between the two groups.  Similarly, within the cut specimens the argument 

could be made that Specimen 7 be omitted from cut data.  Likewise the yield results in Specimen 

2 could attribute to the lack of difference between the L4 embedded specimens and the two cut 

groups. All specimens were included in the analysis and presentation of the results because an 

identical analysis was performed for each specimen.  A larger sample size would reduce the effect 

of a single specimen on the means of each group, and should be strongly considered for future 

work.  

An animal model has limited clinical relevance for humans.  Both the mechanical 

properties and failure mechanics of bone differ between species [85].  Furthermore, the animal 

model used was a quadruped, and the spine supporting the animal is loaded differently than the 

spine of a biped.  A compressive load can still be justified as an anatomical load for the rat 

because muscles crossing the vertebrae apply a compressive load to the bone when they are 

contracted.  Despite this similarity, the mechanical properties determined from testing a rat 

animal model cannot be directly applied to human bone and vice versa.  However, some of the 

trends and conclusions of general rat bone behavior may be applicable to human bone.  

 One out of the forty microCT images taken contained an imaging artifact.  Specimen 12 

(Figure 35) has an artifact due to sample motion during the scan [50].   An axial microCT image 

of Specimen 12 is shown in Figure 50 as an example of this motion artifact. This error made 

visual failure detection challenging, and there may have been additional cracks on the specimen 

that were undetected.   
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Figure 50: An axial view of reconstructed microCT data from Specimen 12.  The areas 

indicated by arrows are errors in the imaging caused by motion artifact.   

4.5 Conclusions 

The two specimen preparation techniques reveal some differences in the results and 

failure behavior.  The bone cement caps of the embedded specimens confound the results by 

adding a material and a loading interface.  Yield strain is suspected to be greater in embedded 

specimens because of slipping at the bone cement bone interface.  This makes failure mode and 

location more difficult to decipher. Further mechanical testing should be performed in order to 

confirm the suspicion.  

 Stress concentrations at vascular channels and thinner dorsal cortical bone contribute to 

the failure at this location. It is important to note, however, that the dorsal portion of the vertebral 

body does not carry most of the physiological load in vivo, and that the compression testing 
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performed in this thesis did not follow the anatomical loading axis of the bone.  As a result, the 

failures observed in this test do not necessarily exhibit the same failure mode expected in vivo. 

Specimens prepared by cutting both ends are less sensitive to end effect failures than 

specimens prepared by embedding the cranial vertebral body surface in PMMA.  Similarly, the 

characteristic dorsal surface failure was more likely to be observed in cut specimens.  Crack 

location and propagation are more sensitive to specimen preparation techniques than are the 

calculated mechanical properties.  This suggests that failure mode and location are important 

considerations when designing an experiment involving compression testing of rat vertebral 

bodies.  

In the uniaxial compression testing, cracking in the cortical bone structure was more 

frequently observed than in the trabecular structure.  However, care must be taken when 

correlating bone quality measures to those from mechanical testing.  In these experiments, the 

bone was not loaded along the anatomical axis, so the loading pattern the bone experienced in 

vivo was not applied.  The current body of literature has not yet confirmed the combined 

relationship of the mechanical properties of cortical and trabecular bone in whole bone testing, 

and how that influences failure.   

In mechanical testing, end effect failures happen before dorsal surface failures.  In more 

general terms, failures caused by specimen preparation methods occur before characteristic 

specimen failure.  This is an important consideration when examining how a disease state or 

treatment given to a rat affects bone quality.  If the testing protocol is creating primarily end 

effect failures, the experiment is not testing bone quality, but rather the specimen loading 

interface.  
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  The differences in the specimen preparation methods showed little statistical 

significance, but when categorizing specimens by failure mode and location, trends in mechanical 

properties were evident.  This indicates that failure mode and location is an important aspect of 

bone mechanical testing analysis.  With a larger sample size for each failure method, statistical 

analysis might support the trends observed.  

 Neither specimen preparation method showed an overwhelming advantage over the other.  

The cut specimen preparation method was easier to implement, and produced fewer end effect 

failures.  With an improvement in the pedicle removal, such that there is no longer a stress 

concentration at the excision site, the cut preparation method would likely give only two crack 

locations, at the cranial surface or and the dorsal cortical surface.  

 The embedded specimen preparation technique was more challenging to implement and 

showed a wider range of failure outcomes.  The advantage in this specimen preparation method is 

that the two most common failure modes reported in human vertebral body testing were also 

observed in this group; endplate failure and failure at the center of the vertebral body.  

Maintaining an intact endplate during compression testing can provide insight into how this bony 

structure interacts with the remaining vertebral body.  For future applications in research using 

ovariectomized rats as osteoporosis models, maintaining the endplate will likely give more 

insight into how the entire vertebral body adapts to compensate for bone loss.  

 Capturing and evaluating failure mode and location after uniaxial compression testing of 

rat vertebral bodies has not previously been reported.  The work presented in this chapter 

indicates one must consider vertebral body failure modes and locations when conducting uniaxial 

compression tests on rat vertebral bodies and again when interpreting the results.    
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Chapter 5 

Conclusions and Recommendations 

In this study, the use of a custom micromechanical testing system was verified for 

uniaxial compression testing. The system was then used in an experiment comparing two rat 

vertebral body specimen preparation methods.  The rat vertebral bodies were also microCT 

scanned before and after testing for a comparison of failure mode and location.  

5.1 Conclusions 

 The deformation of the micromechanical testing system during compression was not 

negligible.  In order to account for this deformation, the system stiffness was measured 

and determined to be 15.6 kN/mm.  Mathematical techniques were then used to 

compensate for the system stiffness during a uniaxial compression test. 

 The benefit of a custom-made self-aligning platen design could not be verified.  As a 

result, further experimental work on the Deben micromechanical testing system used the 

standard fixed platens provided with the system.  

 The two loading surface preparation methods showed differences only in specimen 

stiffness, yield displacement, and yield strain.  Embedded specimens had a lower stiffness 

and greater yield displacement and strain than cut specimens.  These differences can 

likely be attributed to slipping at the cement-bone interface that was not present in the cut 

specimens.  
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 The most common failures resulting from the compressive load applied was transverse 

cracking in the cortical bone at the dorsal surface.  The failure initiated at stress 

concentrations caused by vascular channels. The crack pattern and location suggest the 

load applied was not the same as that experienced by the rat in vivo.  

 Longitudinal cracks were observed at the cranial and caudal surfaces for some specimens.  

These cracks were attributed to specimen surface preparation methods and occurred at 

lower strains than the cracking at the dorsal surface.   

 In addition to loading surface preparation, pedicle removal methods can leave stress 

concentrations at the cut, and can affect the mechanical properties and failure location.  

5.2 Recommendations 

 The self-aligning platen initially designed for the experiments presented in this thesis was 

not adequate for testing because the platen displacement was not linear until a 300 N load 

was applied.  Additionally, the stock platens provided with the Deben mechanical testing 

system were not parallel and therefore the testing performed was not truly uniaxial. 

Revising the self-aligning platen design, or using a multi-axis load cell to record the 

forces, is recommended for use in future work with the Deben system.   

 In this study, the bone displacement was assumed to be equal to the platen displacement 

recorded by the system.  A method to directly measure the bone deformation could 

validate the theory that slipping at the cement-bone interface during compression testing 

when the cranial surface is embedded.  Direct measurement of bone deformation would 

also reduce error in displacement and strain measurements.  
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 The analysis of bone mechanical properties presented in this thesis was performed at an 

apparent level.  For a more complete picture of bone behavior in compression, trabecular 

characterization and cortical bone morphology should be considered in future analyses.  

 Improving the pedicle removal technique used in this study would prevent crack initiation 

from stress concentrations at the right and left cut surfaces of the vertebral body.   

 Simultaneous microCT imaging and incremental compressive loading would confirm 

whether cracking caused by specimen preparation methods occur at lower strains than the 

dorsal and endplate failures observed in this study.  

 It is recommended that failure mode and location be considered and reported in studies 

that use rat bone models to determine the effectiveness of clinical treatments.  It is 

important to know whether differences in the reported mechanical properties reflect 

differences in vertebral body preparation or differences in the bone itself.  

 Parameter(s) to be evaluated and compared should be considered when choosing a 

loading surface preparation method.   The cut method is easier to implement and the 

observed failure mode was more consistent than for the embedded approach.  The 

embedded method keeps the endplate intact and two of the observed failure modes agree 

with those reported in ex vivo human vertebral body compression testing.   
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Specimen 1 

a) b) 

 

c) d) 

 

Figure 51: Images of processed microCT scanning and mechanical testing from Specimen 1 

including: a) microCT image taken before mechanical testing; b) microCT image taken 

after mechanical testing with highlighted failure region; c) force-displacement curve; and d) 

stress-strain curve with yield offset 
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Specimen 2 

a) b) 

 

c) d) 

 

Figure 52: Images of processed microCT scanning and mechanical testing data from 

Specimen 2 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 3 

a) b) 

 

c) d) 

 

Figure 53: Images of processed microCT scanning and mechanical testing data from 

Specimen 3 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 4 

a) b) 

 

c) d) 

 

Figure 54: Images of processed microCT scanning and mechanical testing data from 

Specimen 4 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 5 

a) b) 

 

c) d) 

 

Figure 55: Images of processed microCT scanning and mechanical testing data from 

Specimen 5 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 6 

a) b) 

 

c) d) 

 

Figure 56: Images of processed microCT scanning and mechanical testing data from 

Specimen 6 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 7 

a) b) 

 

c) d) 

 

Figure 57: Images of processed microCT scanning and mechanical testing data from 

Specimen 7 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 8 

a) b) 

 

c) d) 

 

Figure 58: Images of processed microCT scanning and mechanical testing data from 

Specimen 8 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 



 

115 

 

Specimen 9 

a) b) 

 

c) d) 

 

Figure 59: Images of processed microCT scanning and mechanical testing data from 

Specimen 9 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 10 

a) b) 

 

c) d) 

 

Figure 60: Images of processed microCT scanning and mechanical testing data from 

Specimen 10 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 11 

a) b) 

 

c) d) 

 

Figure 61: Images of processed microCT scanning and mechanical testing data from 

Specimen 11 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 12 

a) b) 

 

c) d) 

 

Figure 62: Images of processed microCT scanning and mechanical testing data from 

Specimen 12 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 13 

a) b) 

 

c) d) 

 

Figure 63: Images of processed microCT scanning and mechanical testing data from 

Specimen 13 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 14 

a) b) 

 

c) d) 

 

Figure 64: Images of processed microCT scanning and mechanical testing data from 

Specimen 14 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 15 

a) b) 

 

c) d) 

 

Figure 65: Images of processed microCT scanning and mechanical testing data from 

Specimen 15 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 16 

a) b) 

 

c) d) 

 

Figure 66: Images of processed microCT scanning and mechanical testing data from 

Specimen 16 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 17 

a) b) 

 

c) d) 

 

Figure 67: Images of processed microCT scanning and mechanical testing data from 

Specimen 17 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 18 

a) b) 

 

c) d) 

 

Figure 68: Images of processed microCT scanning and mechanical testing data from 

Specimen 18 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 19 

a) b) 

 

c) d) 

 

Figure 69: Images of processed microCT scanning and mechanical testing data from 

Specimen 19 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Specimen 20 

a) b) 

 

c) d) 

 

Figure 70: Images of processed microCT scanning and mechanical testing data from 

Specimen 20 including: a) microCT image taken before mechanical testing; b) microCT 

image taken after mechanical testing with highlighted failure region; c) force-displacement 

curve; and d) stress-strain curve with yield offset 
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Appendix B 

Matlab Code Used in Analysis 

B.1 Code Used to Determine Deben Micromechanical Testing System Stiffness 

%% Analyzes .csv files from Deben micro testing machine 
% Calculates Machine Stiffness 
%Can Analyze samples in nylon, polycarbonate, aluminum and bone.  
%Written March 19,2013 by Yvonne Schumacher 
%Last edit 05/21/2013 
close all 

  
%read all data file and later add new analysis 
[num_dat,txt_dat,raw_dat] = xlsread(... 
    'C:\Queens\Mechanical testing\Deben\AllData.xlsx'); 
l = length(raw_dat); 

  
%Force limits for linear regression 
maxforce = 1000; %N 
minforce = 400; %N 

  
    %put data in cell array "data" 
data = cell(1,26); 
data(1,:) = {'1 Material','2 Material D', '3 Specimen Number',... 
    '4 Trial Number','5 Platen', '6 Platen D','7 E (Mpa)',... 
    '8 Stiffness (N/mm)','9 Mach Stiffness (N/mm)',... 
    '10 Motor Speed (mm/min)','11 Strain Rate (-/mm)','12 Height 

(mm)',... 
    '13 Diameter (mm)','14 Area (mm^2)','15 Yield Load (N)',... 
    '16 Yield Stress (MPa)','17 Yield Strain (-)',... 
    '18 Min Lin Stress (MPa)','19 Min Lin Force (N)',... 
    '20 Max Lin Stress (MPa)', '21 Max Lin Force (N)',... 
    '22 Calibration (N/Y)','23 Calibration D (0/1)', '24 

Experiment',... 
    '25 Experiment D', '26 Rsq'}; 

  
%% Select Aluminum Standard Platen testing files to analyze 
[filenameSD, pathnameSD, filterindexSD] = uigetfile( ... 
{  '*.csv','Deben data files (*.csv)'; ... 
   '*.txt','Mach1 data files (*.txt)'; ... 
   '*.*',  'All Files (*.*)'}, ... 
   'Pick a file', ... 
   'MultiSelect', 'on'); 

  
s = length(filenameSD); 

  
%Sample excel Data file that contains Sample dimensions 
sampfilename = 'C:\Queens\Mechanical testing\All Sample Info.xlsx'; 
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for i = 1:s; 

     
    %Read file 
    path = strcat(pathnameSD,filenameSD{i});  
    file = filenameSD{i}; 
    samp = str2double(file(3:4)); 
    fid  = fopen(path,'r'); 

      
    start = textscan(fid,'%f %f %f %f %f %f %s',... 
        'HeaderLines',20,'Delimiter',','); 

  
    timeS    = start{1,1}; 
    dispMM   = start{1,2}; 
    loadN    = start{1,3}; 
    posMM    = start{1,4}; 
    code     = start{1,5}; 
    samprate = start{1,6}; 
    samprate = samprate(1); 
    motorspd = start{1,7}; 
    motorspd = motorspd(1); 
    fclose(fid); 

     
    %Remove preload from the load data 
    preload = loadN(1); 
    loadN   = loadN-preload; 

     
        %Obtain dimensions in dimension data from excel in mm 
    excelrow = str2double(file(3:4)); 

     
    %Read excel file with Sample dimensions in it 
    if strcmp(file(1:2),'AL') == 1; 
        sn = samp; 
        if samp <= 3; 
            plat = 'Standard'; 
            plat_d = 1; 
        elseif samp >= 4; 
            plat = 'Self-Align'; 
            plat_d = 2; 
        else error('error in Aluminum Platen definition'); 
        end 

         
        mat = 'Aluminum'; 
        mat_d = 1; 
        [num,txt,raw] = xlsread(sampfilename,'ALJ'); 
        E = 70000; %MPa 

     
        %Sample dimensions 
        h = num(excelrow,1); %unit: mm 
        d = num(excelrow,2); %unit: mm 
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        %Calculations from dimensions 
        a = pi*(d^2)/4;      %unit: mm^2 

     
        %Creates Sample Deformation Curve 
        disp = (loadN*h)/(E*a); %(N*mm)/(MPa*mm^2) unit: mm 
        %Sample Stiffness 
        samp_k = (E*a)/h; %Units MPa*mm^2/mm = N/m 
        % Subtract sample deformation from data 
        Deb_disp = dispMM-disp; %unit: mm 

     
    elseif strcmp(file(1:2),'SS') == 1; 
        if strcmp(file(13:14),'ST')==1; 
            plat = 'Standard'; 
            plat_d = 1; 
            sn = samp; 
        elseif strcmp(file(13:14),'SA')==1; 
            plat = 'Self-Align'; 
            plat_d = 2; 
            sn = samp+3; 
        else error('error in Steel Platen definition'); 
        end 

         
        mat = 'Steel'; 
        mat_d = 2; 
        [num,txt,raw] = xlsread(sampfilename,'SS'); 
        E = 200000; % Units MPa  

        
        %Sample dimensions 
        h = num(excelrow,1); %unit: mm 
        d = num(excelrow,2); %unit: mm 
        %Calculations from dimensions 
        a = pi*(d^2)/4;      %unit: mm^2 

     
        %Creates Sample Deformation Curve 
        disp = (loadN*h)/(E*a); %(N*mm)/(MPa*mm^2) unit: mm 
        %Sample Stiffness 
        samp_k = (E*a)/h; %Units MPa*mm^2/mm = N/m 
        % Subtract sample deformation from data 
        Deb_disp = dispMM-disp; %unit: mm 

     
    elseif strcmp(file(1:2),'NS') == 1; 
        if str2double(file(3:4)) == 1; 
            plat = 'Standard'; 
            plat_d = 1; 
        elseif str2double(file(3:4)) == 2; 
            plat = 'Self-Align'; 
            plat_d = 2; 
        else error('error in Platen definition'); 
        end 
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        mat = 'No Sample'; 
        mat_d = 3; 
        h = NaN; d = NaN; a = NaN; E = NaN; samp_k = NaN; 
        Deb_disp = dispMM; 
        sn = samp; 

         
    else error 'first two letters in file name are no AL, SS, or NS' 
    end  

    
    %Calculate Upper and Lower Bounds for Linear Regression 
    size = length(timeS); 
    Y1   = zeros(size,1); 
    Y2   = zeros(size,1); 
    for k= 1:size 
        if loadN(k) > minforce; 
            Y1(k) = k; 
        end 
        if loadN(k) < maxforce; 
            Y2(k) = k; 
        end 
    end 
    y1 = find(Y1,1,'first'); 
    y2 = find(Y2,1,'last'); 

     
    force_lin = loadN(y1:y2); 
    disp_lin = Deb_disp(y1:y2); 

    
    %Create Linear Regression to determine Young's Modulus 
    %Calculate fit parameters 
    [p,ErrorEst] = polyfit(disp_lin,force_lin,1); 
    %Evaluate the fit 
    force_fit = polyval(p,disp_lin,ErrorEst); 

     
    %Calculate Rsq for k_fit 
    force_resid = force_lin - force_fit; 
    SSresid     = sum(force_resid.^2); 
    SStotal     = (length(force_lin)-1)*var(force_lin); 
    Rsq         = 1-(SSresid/SStotal); 

     
    %Min and max forces and stresses 
    forcemin  = loadN(y1); 
    stressmin = forcemin/a; 
    forcemax  = loadN(y2); 
    stressmax = forcemax/a; 

     
    figure(i) 
    plot(dispMM,loadN,'k',Deb_disp,loadN,'b',disp_lin,force_fit,'r') 

     
    %Extract stiffness from linear regression 
    k = p(1); %unit: N/mm 
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    %Write a structure of arrays for data         
    tn = str2double(file(10:11)); 
    Material(mat_d).Sample(sn).Trial(tn).ID         = file(1:4); 
    Material(mat_d).Sample(sn).Trial(tn).diameter   = d; 
    Material(mat_d).Sample(sn).Trial(tn).area       = a; 
    Material(mat_d).Sample(sn).Trial(tn).height     = h; 
    Material(mat_d).Sample(sn).Trial(tn).mat        = file(1:2); 

     
    %Information taken directly from Data 
    tn = str2double(file(10:11)); %trial number 
    Material(mat_d).Sample(sn).Trial(tn).time         = timeS; 
    Material(mat_d).Sample(sn).Trial(tn).displacement = dispMM; 
    Material(mat_d).Sample(sn).Trial(tn).load         = loadN; 
    Material(mat_d).Sample(sn).Trial(tn).position     = posMM; 
    Material(mat_d).Sample(sn).Trial(tn).code         = code; 
    Material(mat_d).Sample(sn).Trial(tn).sample_rate  = samprate; 
    Material(mat_d).Sample(sn).Trial(tn).motor_speed  = motorspd; 

  
    %Information Calculated from Data 
    Material(mat_d).Sample(sn).Trial(tn).Sample_k           = samp_k; 
    Material(mat_d).Sample(sn).Trial(tn).k                  = k; 
    Material(mat_d).Sample(sn).Trial(tn).strain_linear      = disp_lin; 
    Material(mat_d).Sample(sn).Trial(tn).k_fit              = 

force_fit; 
    Material(mat_d).Sample(sn).Trial(tn).force_min          = forcemin; 
    Material(mat_d).Sample(sn).Trial(tn).force_max          = forcemax; 
    Material(mat_d).Sample(sn).Trial(tn).stress_min         = 

stressmin; 
    Material(mat_d).Sample(sn).Trial(tn).stress_max         = 

stressmax; 

     

  
%Write data into an array 
j = i+1; 
data{j,1} = mat;            data{j,2} = mat_d; 
data{j,3} = sn;             data{j,4} = tn; 
data{j,5} = plat;           data{j,6} = plat_d; 
data{j,7} = E;              data{j,8} = samp_k;       data{j,9} = k; 
data{j,10} = motorspd{1};   data{j,11} = NaN; 
data{j,12} = h;             data{j,13} = d;           data{j,14} = a; 
data{j,15} = NaN;           data{j,16} = NaN;         data{j,17} = NaN; 
data{j,18} = stressmin;     data{j,19} = forcemin; 
data{j,20} = stressmax;     data{j,21} = forcemax; 
data{j,22} = 'yes';         data{j,23} = 1; 
data{j,24} = 'Calibration'; data{j,25} = 1; 
data{j,26} = Rsq; 
end 

  
% xlswrite('AllData.xlsx', data(2:j,:),'A20:Y38'); 
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% A = l+1; 
% Y = l+i; 
% eString = strcat('A',num2str(A),':','Z',num2str(Y)); 
% xlswrite('AllData.xlsx', data(2:j,:),eString); 

B.2 Code Used to Analyze Rat Vertebral Body Compression Testing Data 

%% Analyzes .csv files from Deben micro testing machine 
% Calculates Machine Stiffness 
%Can Analyze samples in bone  
%Written March 19,2013 by Yvonne Schumacher 
%Last edit 05/21/2013 
close all 
%clear 
clc 

  
%read all data file and later add new analysis 
% [num_dat,txt_dat,raw_dat] = xlsread(... 
%     'C:\Queens\Mechanical testing\Deben\AllData.xlsx'); 
% l = length(raw_dat); 

  
%machine stiffness 
km = 15487; %(N/mm) 

  
%put data in cell array "data" 
data = cell(1,43); 
data(1,:) = {'1 Material','2 Material D', '3 Specimen Number',... 
    '4 Trial Number','5 Platen', '6 Platen D','7 E (Mpa)',... 
    '8 Stiffness (N/mm)','9 Mach Stiffness (N/mm)',... 
    '10 Motor Speed (mm/min)','11 Strain Rate (-/mm)','12 Height 

(mm)',... 
    '13 Diameter 1(mm)','14 Diameter 2(mm)','15 Area (mm^2)',... 
    '16 Yield Load (N)','17 Yield Stress (MPa)','18 Yield Strain (-

)',... 
    '19 Min Lin Stress (MPa)','20 Min Lin Force (N)',... 
    '21 Max Lin Stress (MPa)', '22 Max Lin Force (N)',... 
    '23 Calibration (N/Y)','24 Calibration D (0/1)', '25 

Experiment',... 
    '26 Experiment D','27 Max Load', '28 Failure Load','29 Spec 

Prep',... 
    '30 Spec Prep D','31 Rat','32 Vertebra L','33 Strain rate(-

/sec)',... 
    '34 Strain rate (-/min)','35 Set', '36 Set D', '37 Rsq k',... 
    '38 Rsq E', '39 Disp at Failure (mm)', '40 Ultimate Stress 

(MPa)',... 
    '41 Fail Strain (-)', '42 Energy to Failure (J/mm^3)', '43 Yield 

disp'}; 

  
%% Select Vertebrae testing files to analyze 
[filenameSD, pathnameSD, filterindexSD] = uigetfile( ... 
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{  '*.csv','Deben data files (*.csv)'; ... 
   '*.txt','Mach1 data files (*.txt)'; ... 
   '*.*',  'All Files (*.*)'}, ... 
   'Pick a file', ... 
   'MultiSelect', 'on'); 

  
s = length(filenameSD); 

  
%Sample excel Data file that contains Sample dimensions 
sampfilename = 'C:\Queens\Mechanical testing\All Sample Info.xlsx'; 

  
for i = 1:s; 

     
    %Read file 
    path = strcat(pathnameSD,filenameSD{i});  
    file = filenameSD{i}; 
    fid  = fopen(path,'r'); 
    %When debugging a with a single file use the syntax below 
%     path = strcat(pathnameSD,filenameSD);  
%     file = filenameSD; 

  

      
    start = textscan(fid,'%f %f %f %f %f %f %s',... 
        'HeaderLines',20,'Delimiter',','); 

  
    timeS    = start{1,1}; 
    dispMM_m = start{1,2}; 
    loadN    = start{1,3}; 
    posMM    = start{1,4}; 
    code     = start{1,5}; 
    samprate = start{1,6}; 
    samprate = samprate(1); 
    motorspd = start{1,7}; 
    motorspd = motorspd(1); 
    fclose(fid); 
%     timeS    = dat(:,1); 
%     dispMM_m = dat(:,2); 
%     loadN    = dat(:,3); 
%     posMM    = dat(:,4); 
%     code     = dat(:,5); 
%     samprate = dat(:,6); 
%     samprate = samprate(1); 
%     motorspd = dat(:,7); 
%     motorspd = motorspd(1); 
%      
    %Remove preload from the load data 
    preload = loadN(1); 
    loadN   = loadN-preload; 

     
    %adjust displacement data for machine compliance 
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    dispMM = dispMM_m-(loadN/km); 

     
%% Calculate Max Load and Failure load 5% drop in load 
    [maxL,f] = max(loadN); 
    failL    = maxL-maxL*0.05; 

    
    %Truncate data after fail load 
    fl      = find(loadN>failL); 
    fl1     = length(fl); fl2 = fl(fl1); 
    tloadN  = zeros(fl2,1); 
    tloadN  = loadN(1:fl2); 
    tdispMM = zeros(fl2,1); 
    tdispMM = dispMM(1:fl2); 
    faild   = tdispMM(fl2); 
    figure(1) 
    plot (tdispMM, tloadN) 

    
    %Calculate stiffness from linear regression 
    %Calculate Upper and Lower Bounds for Linear Regression 
    [lind linf] = ginput(2); 
    minlf       = linf(1); 
    maxlf       = linf(2); 
    size        = fl2; 
    Y1          = zeros(size,1); 
    Y2          = zeros(size,1); 
    for m = 1:size 
        if tloadN(m) > minlf; 
            Y1(m) = m; 
        end 
        if tloadN(m) < maxlf; 
            Y2(m) = m; 
        end 
    end 
    y1 = find(Y1,1,'first'); 
    y2 = find(Y2,1,'last'); 

     
    force_lin = tloadN(y1:y2); 
    disp_lin  = tdispMM(y1:y2); 

    
    %Create Linear Regression to determine stiffness 
    %Calculate fit parameters 
    [p,ErrorEst] = polyfit(disp_lin,force_lin,1); 
    %Evaluate the fit 
    force_fit = polyval(p,disp_lin,ErrorEst); 
    %Extract stiffness from linear regression 
    k = p(1); %unit: N/mm 

     
    % Rsq value for k 
    force_resid = force_lin - force_fit; 
    SSresid_k   = sum(force_resid.^2); 
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    SStotal_k   = (length(force_lin)-1)*var(force_lin); 
    Rsq_k       = 1-(SSresid_k/SStotal_k); 

     

     

     
%% Stress Strain  
   %Outputs: set, mat, mat_d, h, d, a, stress, strain, strainrt_s, 
   %strainrt_m 
    %Obtain dimensions in dimension data from excel in mm 
    %Read excel file with Sample dimensions in it 
        set = file(1:6); 
        mat = 'Bone'; 
        mat_d = 5; 
        [num,txt,raw] = xlsread(sampfilename,set); 

     
        %Sample dimensions 
        h = num(i,1); %unit: mm 
        d1 = num(i,3); %unit: mm 
        d2 = num(i,4); %unit: mm 
        %Calculations from dimensions  
        a = pi*(d1/2)*(d2/2);      %unit: mm^2 

         
        stress = tloadN/a; 
        strain = tdispMM/h; 

         
        %Calculate Strain Rate 
        strainrt_s = (strain(y2)-strain(y1))/(timeS(y2)-timeS(y1)); %-

/sec 
        strainrt_m = strainrt_s*60; %-/min 
   %% Calculate E 

 

    stress_lin = stress(y1:y2); 
    strain_lin = strain(y1:y2); 

     

    
    strainfail = strain(fl2); 
    stressult  = max(stress); 

    
    %Create Linear Regression to determine stiffness 
    %Calculate fit parameters 
    [q,ErrorE] = polyfit(strain_lin,stress_lin,1); 
    %Evaluate the fit 
    stress_fit = polyval(q,strain_lin,ErrorE); 
    %Extract stiffness from linear regression 
    E = q(1); %unit: N/mm 

     
    %Rsq for E 
    stress_resid = stress_lin - stress_fit; 
    SSresid_E     = sum(stress_resid.^2); 
    SStotal_E     = (length(stress_lin)-1)*var(stress_lin); 
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    Rsq_E         = 1-(SSresid_E/SStotal_E); 
% %% Yield  
% % x-intercept with offset 
% xint  = -q(2)/q(1) + 0.002; 
% % offset equation 
% offeq = E*(strain - xint); 
% clear yld 
% for n = 1:fl2; 
%     if offeq(n)<= stress(n); 
%         yld(n) = n; 
%     end 
% end 
%     yl = length(yld); 
%     yldstress = stress(yl); 
%     yldstrain = strain(yl); 
%     yldload   = loadN(yl); 
%     ylddisp   = dispMM(yl); 

    
%% Energy to Failure 
% numerical integration of the stress strain curve to failure 
% trapezoid method for integration 
for z = 2:fl2; 
    t(z) = ((stress(z-1)+stress(z))/2)*(strain(z)-strain(z-1)); 
    strainchk(z) = (strain(z)-strain(z-1)); 
    stresschk(z) = ((stress(z-1)+stress(z))/2); 
end 
tough = sum(t); 

     
%% Define Additional outcomes        
    %forces and stresses that define the linear region 
    forcelin1  = loadN(y1); 
    stresslin1 = stress(y1); 
    forcelin2  = loadN(y2); 
    stresslin2 = stress(y2); 

     
    %Specimen Prep Method 
    sp = file(13:15); 
    if strcmp(sp,'CUT')==1;  
        sp_d = 1; 
    elseif strcmp(sp,'EMB')==1; 
        sp_d = 2; 
    else error('Error in Specimen Prep Definition') 
    end  

     
    %Rat and Vertebra ID 
    rt  = str2double(file(9)); 
    vert = str2double(file(11)); 
    vt = vert-2; 
    if strcmp(set,'091012')==1 
        st_d = 1; 
    elseif strcmp(set,'081012')==1 
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        st_d = 2; 
    elseif strcmp(set,'102012')==1 
        st_d = 3; 
    else error('Error in set dummy variable definition'); 
    end 

     
    %All bone testing performed on the standard platen  
    plat = 'Standard'; plat_d = 1; 
%% Plots     
    figure(i+1) 
    subplot(1,2,1); plot(dispMM,loadN,'k',disp_lin,force_fit,'r') 
    title(strcat(set,' R',file(9),'L',file(11),' ',sp)) 
    xlabel('Deformation (mm)'); ylabel('Force (N)'); 
    xlim([0 0.8]); ylim([0 400]);  
    subplot(1,2,2); 

plot(strain,stress,'b',strain_lin,stress_fit,'r');%,... 
       %strain,offeq,'c') 
    xlabel('estimated strain (-)'); ylabel('estimated stress (MPa)'); 
    xlim([0 0.1]);ylim([0 32]); 
 %% Write a structure of arrays for data 
    sID = i+16;   

     
    SpecimenID(sID).set = st_d; 
    SpecimenID(sID).rt  = rt; 
    SpecimenID(sID).vt  = vt; 

      
    SpecimenID(sID).ID         = file; 
    SpecimenID(sID).diameter1  = d1; 
    SpecimenID(sID).diameter2  = d2; 
    SpecimenID(sID).area       = a; 
    SpecimenID(sID).height     = h; 
    SpecimenID(sID).Vert(vt).mat        = mat; 

     
    %Information taken directly from Data 
    SpecimenID(sID).time         = timeS; 
    SpecimenID(sID).displacement = dispMM; 
    SpecimenID(sID).load         = loadN; 
    SpecimenID(sID).position     = posMM; 
    SpecimenID(sID).code         = code; 
    SpecimenID(sID).sample_rate  = samprate; 
    SpecimenID(sID).motor_speed  = motorspd; 

  
    %Information Calculated from Data 
    SpecimenID(sID).max_load           = maxL; 
    SpecimenID(sID).fail_load          = failL; 
    SpecimenID(sID).k                  = k; 
    SpecimenID(sID).disp_linear        = disp_lin; 
    SpecimenID(sID).load_linear        = force_lin; 
    SpecimenID(sID).k_fit              = force_fit; 
    SpecimenID(sID).stress             = stress; 
    SpecimenID(sID).strain             = strain; 
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    SpecimenID(sID).strain_linear      = strain_lin; 
    SpecimenID(sID).stress_linear      = stress_lin; 
    SpecimenID(sID).E                  = E; 
    SpecimenID(sID).E_fit              = stress_fit; 
    SpecimenID(sID).strainrt_sec       = strainrt_s; 
    SpecimenID(sID).strainrt_min       = strainrt_m; 
    SpecimenID(sID).force_min          = forcelin1; 
    SpecimenID(sID).force_max          = forcelin2; 
    SpecimenID(sID).stress_min         = stresslin1; 
    SpecimenID(sID).stress_max         = stresslin2; 

     

  
%% Write data into an array 
j = i+1; 
%j = 1+1; 
data{j,1} = mat;            data{j,2} = mat_d; 
data{j,3} = NaN;            data{j,4} = 1; 
data{j,5} = plat;           data{j,6} = plat_d; 
data{j,7} = E;              data{j,8} = k;       data{j,9} = km; 
data{j,10} = '0.6 mm/min';  data{j,11} = NaN; 
data{j,12} = h;             data{j,13} = d1;    
data{j,14} = d2;            data{j,15} = a; 
%data{j,16} = yldload;       data{j,17} = yldstress; data{j,18} = 

yldstrain; 
data{j,19} = stresslin1;    data{j,20} = forcelin1; 
data{j,21} = stresslin2;    data{j,22} = forcelin2; 
data{j,23} = 'no';          data{j,24} = 0; 
data{j,25} = 'Bone Fail';   data{j,26} = 2; 
data{j,27} = maxL;          data{j,28} = failL; 
data{j,29} = sp;            data{j,30} = sp_d; 
data{j,31} = rt;            data{j,32} = vt; 
data{j,33} = strainrt_s;    data{j,34} = strainrt_m; 
data{j,35} = set;           data{j,36} = st_d; 
data{j,37} = Rsq_k;         data{j,38} = Rsq_E; 
data{j,39} = faild;         data{j,40} = stressult; 
data{j,41} = strainfail;    data{j,42} = tough; 
%data{j,43} = ylddisp; 

  
end 
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Appendix C 

Drawings 

Self-aligning Platen Drawings 
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Mini Miters Saw Drawing 

 



PRODUCED BY AN AUTODESK EDUCATIONAL PRODUCT

PRODUCED BY AN AUTODESK EDUCATIONAL PRODUCT
P

R
O

D
U

C
E

D
 
B

Y
 
A

N
 
A

U
T

O
D

E
S

K
 
E

D
U

C
A

T
I
O

N
A

L
 
P

R
O

D
U

C
T

P
R

O
D

U
C

E
D

 
B

Y
 
A

N
 
A

U
T

O
D

E
S

K
 
E

D
U

C
A

T
I
O

N
A

L
 
P

R
O

D
U

C
T

1

1

2

2

A A

B B

SHEET 3  OF 3 

DRAWN

CHECKED

QA

MFG

APPROVED

Yvonne

8/1/2013

DWG NO

MM_RzrGuide_2

TITLE

Mini Miters Saw

SIZE

A

SCALE

REV

3
.
0
0

8
.
0
0

.20

1.90

4.00

1
0
.
0
0

3.50

5.00

13.00

15.00

20.00

4
.
6
3

5
.
5
8

7
.
6
8

8
.
6
3

2
2
.
0
0


