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Abstract 

Bone’s biomechanical properties derive from the hierarchical arrangement of its constituents with 

toughening mechanisms acting at every length scale. At the nanoscale, bone is a natural composite 

material consisting of protein (90% collagen and 10% non-collagenous proteins), mineral, and 

water. These components, their complex arrangement, interactions between them, and 

organisation of the mineralised collagen fibrils, make bone a tough and strong composite. 

However, almost nothing is known about how these components contribute to bone’s toughness at the 

microscale.   

In this thesis, the elastic and fracture properties of collections of mineralised collagen fibrils bone were 

assessed at the micrometre scale by developing an in situ scanning electron microscope that minimizes 

the effects of porosity and heterogeneities. We assessed elastic moduli and fracture toughness by uniaxial 

micro-compression and double cantilever beam micromechanical approaches, respectively. Microscopic 

samples of mouse bone femorae were micromachined using a focused ion beam both parallel 

(longitudinal orientation) and perpendicular (transverse orientation) to the principle bone growth direction. 

Subsequent transmission electron microscopy imaging of regions of the fractured pillars were used to 

correlate the role of the local organization of the mineralized collagen fibrils with fracture toughness and 

crack path. Finally, an experimental protocol was optimised to test the in situ mechanical properties of 

hydrated healthy tissue.   

By probing healthy dry samples, we demonstrate that fibril anisotropy plays a pivotal role in the 

micromechanical response of healthy bone samples and that the crack propagation path in the healthy 

bone samples relates to local fibrillar orientation. Additionally, osteopontin-deficient bone was studied to 

elucidate the structure-function relationships in pathological bone associated with deficiencies in non-

collagenous proteins. In the osteopontin-deficient bone, the mineralised collagen was less organised 

localised and deviations in the fibrillar organisation reduced anisotropy, which results in mechanical 

deterioration of bone (elasticity and fracture resistance) at the microscale.  



  

 5 

Acknowledgements 
 

I would like to thank all those who provided me with support and encouragement during my 

studies. I would like to express my sincere appreciation and gratitude to my supervisors Prof 

Alexandra Porter and Dr Finn Giuliani for their guidance, unwavering support and 

encouragement throughout my PhD. 

 

I would also like to thank Dr Sandra Shefelbine for the useful inputs and practical help she 

has given me during my studies. I would like to extend my appreciation to all my friends in the 

Department of Materials who have provided me with support throughout my time at Imperial 

College. My deepest appreciation goes to Giorgio Sernicola for his assistant and invaluable 

discussions. 

 

For all my friends in London and across the globe who have supported me through the ups 

and downs of this journey, thank you. To my family, I am deeply and eternally thankful for 

your continual belief, unconditional support and love, I am wholeheartedly grateful for that. To 

Fahad, you are my rock, thank you for always being around and lending me an ear. 

  



  

 6 

Table of Contents 

Chapter 1. Introduction ----------------------------------------------------------------------------- 20 

1.1 Introduction and Motivation ---------------------------------------------------------- 21 

1.2 Thesis Outline --------------------------------------------------------------------------- 27 

Chapter 2. Literature Review ---------------------------------------------------------------------- 28 

2.1 Cortical Bone --------------------------------------------------------------------------- 29 

2.1.1 Hierarchical Structure of the Cortical Bone ---------------------------------------- 29 

2.1.1.1 Macrostructure: cortical and cancellous bone --------------------------- 29 

2.1.1.2 Microstructure: osteons and lamellar structure -------------------------- 30 

2.1.1.3 Nanostructure: collagen fibril, mineral crystal, and NCP -------------- 34 

2.1.2 Toughening Mechanisms in Cortical Bone ----------------------------------------- 39 

2.1.2.1 Intrinsic toughening mechanisms ----------------------------------------- 40 

2.1.2.2 Extrinsic toughening mechanisms ---------------------------------------- 44 

2.1.3 Role of Bone Orientation -------------------------------------------------------------- 45 

2.1.4 Role of Water --------------------------------------------------------------------------- 46 

2.1.5 Pathological Diseases Affecting Bone Mechanics: Osteopontin Deficiency --- 49 

2.2 Fracture Mechanics of Bone ---------------------------------------------------------- 52 

2.2.1 Crack stability and the R-curve ------------------------------------------------------- 52 

2.2.2 Crack tip plasticity --------------------------------------------------------------------- 54 

2.2.3 Assessment of fracture toughness on the micro-scale ----------------------------- 56 

2.2.3.1 Nanoindentation ------------------------------------------------------------- 57 

2.2.3.2 Pillar splitting ---------------------------------------------------------------- 61 

2.2.3.3 Single-cantilever bending -------------------------------------------------- 63 

2.2.3.4 Double-clamped beam ------------------------------------------------------ 65 

2.2.3.5 Double-cantilever beam compression ------------------------------------ 67 



  

 7 

2.2.3.6 Limitations of micro-scale fracture toughness techniques ------------- 69 

2.3 Research Challenges ------------------------------------------------------------------- 71 

2.4 Aims and Objectives ------------------------------------------------------------------- 72 

Chapter 3. Materials, Instrumentation and Experimental Procedures ------------------------ 73 

3.1 Materials --------------------------------------------------------------------------------- 74 

3.1.1 Mouse in Biomedical Research ------------------------------------------------------- 74 

3.1.1.1 Wild-type mouse ------------------------------------------------------------ 75 

3.1.1.2 Osteopontin Knockout mouse --------------------------------------------- 75 

3.1.1.3 Sample Preparation --------------------------------------------------------- 75 

3.2 Multi-Scale Characterisation Techniques ------------------------------------------- 76 

3.2.1 Dry-Mode Imaging: Scanning Electron Microscopy (SEM) --------------------- 77 

3.2.2 Wet-Mode Imaging: Environmental Scanning Electron Microscopy (ESEM) 79 

3.2.3 Fabrication: Dual Focused Ion Beam ------------------------------------------------ 81 

3.2.3.1 Fabrication of Microscale Features --------------------------------------- 85 

3.2.3.2 FIB-TEM Sample Preparation by In Situ Lift-Out Technique -------- 92 

3.2.3.3 FIB-Induced Damage ------------------------------------------------------- 93 

3.2.4 Xenon Plasma Focused Ion Beam --------------------------------------------------- 95 

3.2.5 Structural Analysis: Transmission Electron Microscope ------------------------- 96 

3.3 Mechanical Testing -------------------------------------------------------------------- 99 

Chapter 4. Uniaxial Micro-compression Tests for Determining Local Elastic Modulus of 

Different Types of Bones ----------------------------------------------------------------------------- 103 

4.1 Data Analysis -------------------------------------------------------------------------- 104 

4.1.1 Measurements of Micropillar Strain ------------------------------------------------ 104 

4.1.1.1 Indentation Depth and Sneddon’s Formula ----------------------------- 105 

4.1.1.2 Aspect Ratio and Taper Angle Effect ----------------------------------- 108 



  

 8 

4.1.1.3 Substrate Effect ------------------------------------------------------------- 109 

4.1.2 Measurements of Micropillar Stress ------------------------------------------------ 109 

4.1.2.1 Aspect Ratio and Taper Angle Effect ----------------------------------- 109 

4.1.3 Summary of Data Analysis ----------------------------------------------------------- 110 

4.2 Results ---------------------------------------------------------------------------------- 112 

4.2.1 Dry Healthy (WT) Bone -------------------------------------------------------------- 112 

4.2.2 Osteopontin Deficiency (OPN-/-) Bone --------------------------------------------- 117 

4.3 Discussion ------------------------------------------------------------------------------ 125 

4.4 Summary ------------------------------------------------------------------------------- 129 

Chapter 5. Micromechanical Fracture Tests for Determining Fracture Toughness of 

Different Types of Bones ----------------------------------------------------------------------------- 130 

5.1 Development of microscale fracture testing: DCB modified configuration --- 132 

5.2 Measurement of Fracture Energy --------------------------------------------------- 134 

5.2.1 Considerations in the Data Analysis Process of Fracture Energy --------------- 139 

5.2.1.1 Short Crack Length Effect ------------------------------------------------ 139 

5.2.1.2 Rotation Effect ------------------------------------------------------------- 147 

5.2.1.3 Geometrical Asymmetry Effect ------------------------------------------ 150 

5.2.1.4 Taper Effect ----------------------------------------------------------------- 151 

5.2.1.5 Accuracy of the Corrected Elasticity Analysis ------------------------- 151 

5.3 Analytical Solution: Measurement of Fracture Energy -------------------------- 153 

5.4 Statistical Analysis -------------------------------------------------------------------- 155 

5.5 Numerical Simulations: Phase-field Method -------------------------------------- 158 

5.6 Results ---------------------------------------------------------------------------------- 162 

5.6.1 Healthy (WT) Bone ------------------------------------------------------------------- 162 

5.6.1.1 Fracture Toughness Assessment of WT Bone ------------------------- 162 



  

 9 

5.6.1.2 Discussion ------------------------------------------------------------------- 170 

5.6.2 Osteopontin-Deficient Bone --------------------------------------------------------- 172 

5.6.2.1 The Structure of Osteopontin-Deficient Bone -------------------------- 172 

5.6.2.2 Fracture Toughness Assessment of OPN-/- Bone ---------------------- 177 

5.6.2.3 Discussion ------------------------------------------------------------------- 188 

5.7 Conclusion ----------------------------------------------------------------------------- 192 

Chapter 6. Protocol Optimization for Determining Fracture Toughness of Hydrated 

Healthy Tissue ----------------------------------------------------------------------------------------- 194 

6.1 Results ---------------------------------------------------------------------------------- 197 

Chapter 7. Conclusion ----------------------------------------------------------------------------- 203 

7.1 Final Outcomes ------------------------------------------------------------------------ 204 

7.2 Implications for Future Research ---------------------------------------------------- 207 

Chapter 8. Bibliography --------------------------------------------------------------------------- 210 

8.1 References ------------------------------------------------------------------------------ 211 

8.2 Appendix: Content Permissions ----------------------------------------------------- 224 

 

  



  

 10 

Table of Figures 

Figure 1-1. The hierarchical structure of cortical mouse bone from the macroscale to the 
nanoscale. Macrostructure level, or whole bone level, consisting of cortical and trabecular 
bones. Mesostructure level, or cortical bone level. Microstructure level, single osteon level in 
cortical bone. Sub-microstructural level, single lamella level. Nanostructure level, multiphase 
nanocomponents consisting of collagen, minerals, NCPs and water. ...................................... 22 

Figure 2-1. Levels of the hierarchical structure of cortical human bone. ................................ 29 

Figure 2-2. Toughening mechanisms in bone. The resistance of bone to fracture is a 
combination of intrinsic (fibril stretch and sliding, sacrificial bonding, and collagen uncoiling) 
and extrinsic (crack deflection, uncracked-ligament bridging, fibre-bridging and constrained 
microcracking) toughening mechanisms. ................................................................................ 40 

Figure 2-3. A proposed nanoscale toughening mechanism of the sliding collagen fibrils in bone. 
The vertical arrows show the motion direction of mineralized collagen fibrils when they are 
subjected to an applied load, resulting in shear stress in the interfibrillar matrix. Adapted with 
permission from35. .................................................................................................................... 42 

Figure 2-4. Schematic of driving force and R-curve diagram, showing: a) flat R-curve and b) 
rising R-curve. Adapted and reproduced from 77 and 118. ........................................................ 54 

Figure 2-5. Schematic estimation of plastic zone size for elastic and elastic-plastic materials. 
The shaded area represents stress that must be redistributed, leading to enlargement of the 
plastic zone size. Adapted and reproduced from 77. ................................................................. 56 

Figure 2-6. Schematic of nanoindentation test. a) Elastic-plastic deformation at the maximum 
applied load Pmax (top), after removing the indenter only plastic deformation remains 
(bottom); b) the correspondent load-displacement curve. ....................................................... 59 

Figure 2-7. Schematic of a Berkovich indenter showing cracks emanating from the indent 
corners with the variables that are used to calculate fracture toughness: contact size and crack 
length. ....................................................................................................................................... 61 

Figure 2-8. Schematic representation of the pillar splitting geometry. .................................... 62 

Figure 2-9. Schematic representation of the single cantilever bending geometry. .................. 65 

Figure 2-10. Schematic representation of the double-clamped microbeam geometry. ........... 66 

Figure 2-11. Schematic representation of the compression-opening double-cantilever beam 
geometry. ................................................................................................................................. 68 

Figure 3-1. Preparation procedure for bone sample ................................................................. 76 

Figure 3-2. The incoming electron beam and the sample interaction volumes; which generate 
different types of signals. ......................................................................................................... 78 

Figure 3-3. Schematic representation of the ESEM system and the gaseous amplification 
process occurring inside the chamber. ..................................................................................... 80 



  

 11 

Figure 3-4. Relative humidity isobar chart used for the ESEM imaging mode. At 4˚C and a 
vapour pressure of ~ 800 Pa, a 100% RH can be obtained. With permission from171 ............ 81 

Figure 3-5. Schematic illustration of a liquid metal ion source (LMIS). ................................. 83 

Figure 3-6. Schematic of dual-FIB-SEM instrument. .............................................................. 84 

Figure 3-7. SEM image for a pillar of WT bone sample machined with 9 nA current, showing 
that milling with high currents, and no refinement of the process, leads to complete loss of the 
fabrication precision. ................................................................................................................ 86 

Figure 3-8. Schematic representation of the redeposition process. Showing redeposition, a) 
while ion beam is scanning the sample to mill it, and b) when milling a pillar (a high-aspect 
ratio feature).  In case b as the sidewall become steeper, the sputtered atoms have less 
possibility of escaping out of the trench. ................................................................................. 87 

Figure 3-9. Schematic illustration of: a) Gaussian profile of the focused ion beam, b) Gallium 
ion beam diameter with 50% overlap of the pixel spacing during milling. ............................. 88 

Figure 3-10. Schematic showing the angular dependence of ion milling: a) Sidewall milled at 
different sputtering rates due to different incident angles; b) The sputtering yield increases as 
a function of the grazing angle of ion beam for 30 kV, reaches maximum yield at a range of 
60–80° for different materials, adapted and reproduced from172. ............................................ 89 

Figure 3-11. Schematic of FIB machining steps used to fabricate the longitudinal and transverse 
compression pillars; the strikes schematically depict the fibrils’ direction, showing a 
representation of the final compression pillar geometry after FIB fabrication.  The inset shows 
the corresponding SEM image of a machined pillar. ............................................................... 90 

Figure 3-12. Schematic of FIB machining steps of the longitudinal and transversal DCB pillars. 
The stripes schematically depict the fibrils’ direction, showing a representation of the final 
DCB geometry after FIB fabrication and a corresponding SEM image of it in the inset. ....... 91 

Figure 3-13. SEM image of a series of micropillars milled on a compact mouse bone sample.
.................................................................................................................................................. 92 

Figure 3-14. TEM lamella workflow used to prepare a fractured DCB pillar using an in situ 
lift-out procedure in the FIB-SEM ........................................................................................... 93 

Figure 3-15. Interaction of energetic Ga ion beam with the sample. The interaction by a cascade 
of events leads to the sputtering of atoms from the sample, Ga ions and secondary electrons. 
As the incident angle of the incoming Ga ions becomes normal to the sample surface, the 
probability of implanting Ga ions becomes higher. ................................................................. 94 

Figure 3-16. Schematic of electron interactions with sample in a TEM. ................................ 99 

Figure 3-17. Schematic illustration of the nanoindentation system. ...................................... 101 

Figure 3-18. Schematic of (a) the micropillar compression test and (b) the DCB fracture test.
................................................................................................................................................ 102 

Figure 4-1. Schematic illustration of the geometry of a microcompression pillar. ............... 105 



  

 12 

Figure 4-2. Schematic of a micropillar during  uniaxial microcompression test. .................. 106 

Figure 4-3. Engineering stress-strain curve computed with and without considering the effects 
that impact the accuracy of the measurements. ..................................................................... 110 

Figure 4-4. A schematic illustration of the engineering stress-strain curve of a 
microcompression test. .......................................................................................................... 112 

Figure 4-5. Compression micropillar of healthy bone after fabrication ................................ 113 

Figure 4-6. Compressive stress-strain curves of dry WT bone micropillars loaded (a) 
longitudinally, parallel to the bone’s main axis, and (b) transversally, perpendicular to the 
bone’s main axis. ................................................................................................................... 113 

Figure 4-7. SEM images showing top and front views of micropillars of WT bone post-failure 
when compression was applied (a and b) longitudinally, parallel to bone’s primary axis, and (c 
and d) transversally, perpendicular to bone’s primary axis. .................................................. 115 

Figure 4-8. The engineering stress-strain curve from an in situ microcompression experiment 
for a WT longitudinal bone micropillar correlated with the respective SEM micrographs at 
different stages during the deformation process. White dotted circle indicates the presence of 
microcrack. ............................................................................................................................. 116 

Figure 4-9. The engineering stress-strain curve from an in situ microcompression experiment 
for a WT transverse bone micropillar correlated with the respective SEM micrographs at 
different stages during the deformation process. White dotted circles indicate the presence of 
microcracks. ........................................................................................................................... 117 

Figure 4-10. Compressive stress-strain curves of OPN-deficient bone micropillars when load 
was applied: (a) longitudinally, parallel to bone’s primary axis, and (b) transversally, 
perpendicular to bone’s primary axis. .................................................................................... 118 

Figure 4-11. SEM images showing before and after OPN-deficient bone micropillar failure 
when compression was applied (a and b) longitudinally, parallel to bone’s primary axis, and (c 
and d) transversally, perpendicular to bone’s primary axis. .................................................. 119 

Figure 4-12. The engineering stress-strain curve from the in situ microcompression experiment 
for a longitudinally loaded OPN-deficient bone micropillar correlated with the respective SEM 
micrographs at different stages during the deformation process. Red dotted circles indicate the 
presence of microcracks. ........................................................................................................ 120 

Figure 4-13. The engineering stress-strain curve from the in situ microcompression experiment 
for a transversally loaded OPN-deficient bone correlated with the respective SEM micrographs 
at different stages during the microcompression test. ............................................................ 120 

Figure 4-14. SEM images of OPN-deficient bone tissue, (a) showing localized disarray of fibres 
in  a large length scale (microscale). (b) The magnified image of the boxed area in (a) displaying 
fibrils of no apparent order in nanoscale; the red boxed areas show collagen fibrils that display 
a typical banding pattern, D-periodicity, of about 67 nm as measured in the axial repeating 
steps........................................................................................................................................ 121 



  

 13 

Figure 4-15. a) TEM image of longitudinal OPN-deficient bone from undeformed area 
prepared by in situ FIB lift-out; showing a localized patch of fibril disorganization without a 
predominant orientation in the right region compares to the left area, whears fibrils exhibit 
aligned assembly in the vertical direction. b) TEM view of an ion-milled section of a 
longitudinal WT bone from undeformed area showing the periodic banding characteristic of 
Type I collagen fibrils (without staining) as the fibrils being aligned in an organized manner. 
c) Quantitative backscattered SEM shows mineralization degree at tissue level. OPN-/- has a 
low degree of mineralization (denoted by the mode of the histogram of the qBSE image); inset 
shows scanned images with higher gray values implying higher degree of mineralization. . 124 

Figure 5-1. a) Comparison of fracture energy data obtained from microscopic DCB 
experiments for single crystal SiC and DFT calculations, the error bar represents the standard 
deviation determined from the Monte Carlo-based error propagation analysis. b) Comparison 
of experimental fracture energy measured on bi-crystals SiC using DCB testing with values 
reported in the literature experimentally and theortically.36 .................................................. 133 

Figure 5-2. Schematic of double cantilever beam (DCB) loaded at its end. (a) The double 
clamped cantilever system before loading it; (b) after loading, the dimension can be 
approximated as each end-loaded cantilever width d was subjected to a load P, in which the 
loading point is the crack initiation point that ends at the clamp position at x=a. ................ 135 

Figure 5-3. Schematic of an infinitesimal dimension of a body that is subjected to normal stress 
sxx. ......................................................................................................................................... 137 

Figure 5-4. Schematic illustration of a rectangular beam subjected to bending moment. It shows 
the deformation according to a Timoshenko beam (blue) compared with that of an Euler-
Bernoulli beam (green). ......................................................................................................... 140 

Figure 5-5. Schematic illustration of a cube deformed under pure uniform shear stress that is 
represented by a polynomial of the second degree. ............................................................... 143 

Figure 5-6. Schematic illustration of a rectangular beam deformed under pure bending stress 
that is expressed by a polynomial of the third degree. ........................................................... 144 

Figure 5-7. Schematic illustration of the DCB sample showing the deformation of the cracked 
part in the upper region as a cantilever beam and the uncracked part in the lower region as an 
elastic foundation. .................................................................................................................. 148 

Figure 5-8. a) The finite element model. Crack opening and contours of opening stress are 
shown for the finite element model used in conjunction with the VCCT approach to determine 
crack length and beam end displacement pairs corresponding to GIC = 6 J/m2, for input to 
analytical models and a separate finite element model for comparison. b) Analytical and finite 
element models compared. Predicted energy release rate versus crack length is shown for the 
same pairs of applied beam end displacement and crack length corresponding to a 6 J/m2 
fracture energy. ...................................................................................................................... 153 

Figure 5-9. Gaussian distribution of different variables for one of the longitudinal WT DCBs. 
The Monte Carlo error propagation method was applied to generate probability distributions 
after placing the random inputs used for the Monte Carlo error propagation analysis. ......... 158 



  

 14 

Figure 5-10. Result of Monte Carlo error propagation analysis on the measurement of fracture 
energy with crack length for one of the WT longitudinal DCBs. The blue bar represents the 
standard deviation, while the red dot is the mean value of fracture energy. .......................... 158 

Figure 5-11. Analysis of micro-cantilever fracture tests (a) A longitudinal DCB specimen 
exhibiting straight crack growth behaviour for the duration of the test. Scale bar: 1 µm. (b) A 
sequence of in situ images of bones fractured in the longitudinal direction and imaged by SEM, 
showing the propagation of the crack as a function of time as the wedge tip slowly advances 
the crack. Scale bar: 1 µm. (c) The crack resistance curve showing fracture toughness measured 
as a function of crack length for seven longitudinal samples. S1–5 displays a linear straight 
crack growth, whereas D1–2 shows linear path follows by a crack deviation as a result of an 
altered microstructure; measurements only reflect the straight path. Some samples demonstrate 
a rise in the fracture toughness measurement due to toughening mechanisms such as fibril 
bridging shown in Figure 5-13. (d) Average plain-strain-fracture toughness of each tested 
longitudinal DCB. The error bar represents a standard deviation that was approximated using 
Monte Carlo error propagation analysis. ............................................................................... 164 

Figure 5-12. Plastic zone measurements of the WT samples. Maximum crack length, thickness 
and ligament thickness of each tested longitudinal DCB, in comparison to the estimated size of 
the plastic zone. ...................................................................................................................... 164 

Figure 5-13. Toughening mechanisms at the micrometre scale. Longitudinal DCB samples 
show resistance mechanisms to fracture propagation by (a) fibril bridging and (b) structural 
features  ahead of the crack path that hindered its progress. ................................................. 165 

Figure 5-14. Nanoscale TEM images of the longitudinally fractured DCBs. (a) Bright-field 
TEM micrograph showing the local microstructure of a fractured bone in the longitudinal 
orientation. Scale bar: 0.5 µm. (b) The inset shows that the mineralised fibrils align with the 
crack. Scale bar: 100 nm. (c) The inset of the region adjacent to the fracture displays organised 
mineralised fibrils. Scale bar: 100 nm. (d) A SAED pattern indexed to crystalline 
hydroxyapatite taken from the area indicated by an asterisk in (a); the arc of (002) reflection 
indicates that the c-axes of the mineral crystals are parallel to the bone’s long axis, confirming 
the sample’s longitudinal orientation. (e) An SEM image of a longitudinal DCB showing the 
crack propagating in a straight path and then deflecting to the right. Scale bar: 2 µm. (f) Bright-
field TEM micrograph revealing the local microstructure of a fractured DCB in (e); the regions 
next to the crack display disorganised mineralised fibrils exhibiting different orientations 
(indicated by dashed red lines), scale bar: 0.5 µm.; the insert shows the local mineralised fibrils 
wrapping around the crack tip; arrow marks indicate fibrillar bridges. Scale bar: 0.2 µm. (g–i) 
Corresponding SAED patterns taken from the top, middle and bottom areas indicated by 
asterisks in (f) produced various diffraction patterns corresponding to the different mineral 
orientations in the bone matrix. ............................................................................................. 167 

Figure 5-15. Micro- and nanoscale characterisations of the transversely fractured DCBs. (a and 
b) SEM images of two different transverse DCB samples showed immediate crack deflection. 
Scale bar: 1 µm. (c) Bright-field TEM image showing the microstructure of a cross-section of 
the fractured bone in (b), the yellow dotted line shows the original outline of the DCB before 
FIB milling. Scale bar: 0.5 µm. (d) The inset shows that the mineralised fibrils align mostly 
perpendicular with the crack. Scale bar: 0.2 µm. (e) SAED pattern indexed to hydroxyapatite 
taken from the area indicated by an asterisk in (c); the faint (002) reflection confirms that the 
c-axes of the mineral crystals are roughly normal to crack, thus validating the transverse 



  

 15 

orientation of the speciemen, while other unresolved reflections from different planes form a 
circle. ...................................................................................................................................... 168 

Figure 5-16. Phase field computational model of crack propagation. (a) Simulation snapshots 
for increasing the fracture toughness anisotropies parameter A (the ratio of the fracture 
toughness for vertical versus the horizontal cracks) at the horizontal displacement ux = ±2E ⊥
/Gc ⊥ L0, where E ⊥ is the elastic modulus perpendicular to the fibrils, Gc ⊥ is the fracture 
toughness for a crack propagating perpendicular to the fibrils and L0 = 10	µm. The color code 
represents the nondimensional σxx stress where the crack ϕ < 1/2 is removed. (b) Comparison 
of the experimentally observed (α = 90 ∘ red dashed line and α = 60 ∘ blue dotted horizontal 
lines) vs simulated initial kink angle (α = 90 ∘ square and α = 60 ∘ diamond symbols) 
measured from the phase-field simulations vs. the fracture toughness anisotropy A clearly 
suggests a lower bound for the fracture toughness anisotropy A ∼ 1.5– 2 for these experiments 
at microscale. ......................................................................................................................... 170 

Figure 5-17. TEM images of demineralised bone matrix of (a) WT and (b-f) OPN-/- tissue. The 
organic matrix of osteopontin-deficient bone revealed three characteristic attributes: (b) 
organised fibrillar structure, (c) disorganised fibrillar structure, (d) and disorganised non-
fibrillar matrix located between banded collagen, which was consistently observed in all OPN-

/- samples. The black circular features (white arrowheads) represent bone canaliculi. (e) and (f) 
show collagen fibrils unwinding (white arrowsheads) to completely unravel (black 
arrowheads).207 ....................................................................................................................... 175 

Figure 5-18. Simulation model of the OPN function in collagen fibril mineralisation. In WT 
tissue (a–c), OPN provides an aligned assembly for the fibrillary matrix (a and b) that supports 
an organised mineralisation of the matrix (c). In OPN-/- tissue (d–f), OPN deficiency gives rise 
to fibril dissociation (d); the packing of the sparse fibrils becomes disarrayed (e) and the 
disorganised fibrils also disrupt mineralisation of the matrix (f).207 A schematic representation 
(g) suggests how the fibrils might deform during external loading of compact bone as 
interfibrillar bonds break, where the glue-like bonding matrix of NCPs resists fibrils separation 
and their sliding relative to each other during failure. Adapted from 225, with the permission of 
AIP Publishing. ...................................................................................................................... 176 

Figure 5-19. Plasma FIB-SEM images of OPN-/- tissue, a mesh-like network of disorganised 
fibrils were observed on a larger length scale and the lamellar structure was not seen. ....... 177 

Figure 5-20. SEM images of OPN-/- transverse DCBs post-fracture tests. Two different 
transverse DCBs (TansOPN1 and TransOPN2 in a and b, respectively) show double fractures 
with short and abruptly deflected cracks. Scale bar: 2 µm. SEM images of two other transverse 
DCB samples (TansOPN3 and TransOPN4 in c and d, respectively) show the crack propagating 
in a straight path and then deflecting sideways. Scale bar: 2 µm. (e) A visual SEM inspection 
of the broken shoulder in TransOPN4 in (d) revealed the presence of matrix separtion (denoted 
by red arrows) as a possible deformation mechanism. .......................................................... 179 

Figure 5-21. Analysis of microcantilever fracture tests of OPN-/- tissue. (a) The crack resistance 
curve shows fracture toughness measured as a function of crack length for four transverse and 
one longitudinal sample. TransOPN1 and TransOPN2 show a double crack growth: an 
immediate deviated crack and a short crack; the latter was used for fracture toughness 
measurements, whereas the TransOPN3 and TransOPN4 display a linear straight crack growth 
before deflecting. Finally, LongOPN represents the measurement of fracture toughness in 
logitudinal DCB of OPN-/- tissue that exhibited a shielding mechanism behind the crack tip. (b) 



  

 16 

The average plain strain fracture toughness of each measured OPN-deficient DCB. The error 
bar represent a standard deviation that was approximated using the Monte Carlo method of 
error propagation. ................................................................................................................... 180 

Figure 5-22. Plastic zone assessment of OPN-/- tissue. Maximum crack length, sample thickness 
and ligament thickness of each fracture toughness measured OPN-deficient DCBs in 
comparison with the estimated size of the plastic zone. ........................................................ 180 

Figure 5-23. Nanoscale investigation of the transversely fractured DCB (TransOPN1) of OPN-

/- tissue. (a) The bright-field TEM micrograph shows an organised local microstructure of a 
fractured DCB in the transverse orientation exhibiting double fracture; double fracture: short 
and abrupt deflected cracks. (b) The area around the short crack and adjacent to the deviated 
crack [blue boxed region in (a)] displays mineralised fibrils aligned perpendicular to the DCB 
plane. (c) Mapping the area in (b) for the principal orientation of fibrils’ long axes verified the 
transverse fibril orientation. (d) In the region of the tissue next to the broken shoulder of DCB 
[red boxed region in (a)], with the organised fibril assembly still conserved, the white strike 
line is a result of the FIB preparation of the TEM cross-section. (e) A SAED pattern indexed 
to crystalline hydroxyapatite was taken from the area indicated by an asterisk in (a); the arc of 
(002) reflection indicates that the c axes of the mineral crystals are aligned normally to the long 
axis of bone, validating an organised transversal orientation of the sample. ........................ 182 

Figure 5-24. Nanoscale characterisation of the transversely fractured DCB (TransOPN3) of 
tissue lacking OPN. (a) Bright-field TEM image showing the microstructure of a cross-section 
of sample demonstrated a vertical fracture path followed by immediate deflection. The inset 
shows SAED pattern taken from the area indicated by asterisks; the arc of (002) reflection 
denotes that the c axes of the mineral crystals are organised and normal to the crack axis. (b) 
The upper region of the tissue around the straight portion of the crack [top red boxed region in 
(a)] displaying highly disorganised fibrils. (c) Mapping the area in (b) for the main orientation 
of the fibrils’ long axes confirmed the fibril misorientation. (d) In contrast, the region before 
and around the deviated crack tip [white boxed region in (a)] shows that the mineralised fibrils 
align mostly perpendicular to the crack. (e) The region away from the crack [lower red boxed 
region in (a)] demonstrates an organised fibrillary structure transversely oriented to the DCB 
axis. ........................................................................................................................................ 184 

Figure 5-25. Post-fractography images of the longitudinally fractured DCBs of OPN-/- tissue. 
a) SEM image of one of the two longitudinal samples that exhibited an abrupt oblique crack. 
(b) A closer visualisation of the DCB in (a) shows a fibrillary network with fibril bridges 
(denoted by red arrows). c) One longitudinal DCB shows the crack propagating in a straight 
path. d) A corresponding higher magnification image of (c) displays a regular straight path for 
the fracture. ............................................................................................................................ 186 

Figure 5-26. a) SEM in situ images of the longitudinal DCB in Figure 5-25c taken during 
fracture testing with respect to the time of the crack growth and showing a shielding mechanism 
behind the tip. Scale bar: 2 µm. b) The corresponding measurement of the cumulative crack 
length as a function of the time of the crack growth. ............................................................. 187 

Figure 5-27. Nanoscale TEM charaterisation of a DCB fractured on the longitudinal orientation 
of OPN-deficient bone. a) TEM image of the sample exhibiting a straight crack path shows a 
globally disorganised structure. b) The upper area of DCB [top red boxed adjacent to the 
fracture [bottom red boxed region in (a)]] demonstrates a highly disorginised fibrillary 
structure. d) Two different SAED patterns indexed to hydroxyapatite, top taken from the area 



  

 17 

indicated by a white asterisk in (a) shows a fainted reflection of (002) arc implying roughly 
normal oriented fibrils to longitudinal crack; while the bottom pattern taken from from the 
region indicated by a red asterisk displays an almost complete circle of (002) reflection 
denoting the presence of many orientations. e) Mapping the area in the white boxed region in 
(a) for the main orientation of fibrils’ long axes validated the fibril disorientation. ............. 188 

Figure 6-1. Schematic illustration of a house-built Peltier cooled specimen stage for in situ 
ESEM testing. ........................................................................................................................ 197 

Figure 6-2. ESEM imaging of a) freshly fabricated micropillars on bone sample; b) after 
treatment with PBS for ~48 hours, the surface showing a deposition of smear layer. Scale bar: 
15 µm. .................................................................................................................................... 199 

Figure 6-3. ESEM images for a bone micropillar a) immediately taken after overnight 
rehydration by water vapors and b) after about 2 hours, showing swelling only in the upper 
area exposed to the electron beam. ........................................................................................ 200 

Figure 6-4. Load-displacement curves obtained on a rehydrated bone sample using a Berkovich 
indenter with a peak load of (a) 10 mN and (b) 15 mN. The same sample was dehydrated to 
obtain load-displacement curves after indenting with a peak load of (c) 10 mN  and (d) 15 mN.
................................................................................................................................................ 202 

  



  

 18 

List of Tables 

Table 2-1. Effect of water removal on bone's mechanical properties at different length scales
.................................................................................................................................................. 48 

Table 2-2: Showing major NCPs that significantly contribute to the formation and mechanical 
properties of bone matrix. ........................................................................................................ 51 

Table 2-3. Comparison of available fracture toughness test geometries at the micrometre scale.
.................................................................................................................................................. 69 

Table 4-1. Elastic properties of dry healthy bone .................................................................. 114 

Table 4-2. Elastic properties of OPN-deficient bone ............................................................. 118 

Table 5-1. Variables associated with uncertainty were used for the Monte Carlo error 
propgation analysis to obtain a Gaussian distribution with a standard deviation. These variables 
and uncertainity quantity were assigned based either on predicted experimental measurement 
error correlate with them or to the standard deviation reported for a variable. For each test, the 
centre of each distribution is the average measurement, while the standard deviation is the 
margin of experimental error. The variable terms are defined as follows. ............................ 156 

Table 5-2. The measured microscale fracture toughness values for WT and OPN-/- bones 
(Fracture toughness ± standard deviation (MPa√𝑚)) ............................................................ 193 

  



  

 19 

List of Abbreviations 

2/3D Two/Three Dimensional 

aBMD Areal Bone Mineral Density 

AFM  Atomic Force Microscope  

ASTM American Society for Testing and Materials 

qBSE Quantitative Backscattered Electrons 

DCB  Double Cantilever Beam  

ESEM Environmental Scanning Electron Microscope 

FE Finite Element 

FIB  Focused Ion Beam 

FTIR Fourier Transform Infrared Spectroscopy 

HA Hydroxyapatite 

LEFM Linear Elastic Fracture Mechanics 

NCPs Non-collagenous Proteins 

Oim Osteogenesis imperfecta 

OPN Osteopontin protein 

PBS Phosphate Buffered Saline 

PFIB Plasma FIB 

R-curve Crack growth resistance curve 

SAED Selected Area Electron Diffraction 

SAXS Small Angle X-ray Scattering 

SEM  Scanning Electron Microscope  

TEM Transmission Electron Microscopy 

TGA Thermogravimetric Analysis 

WT C57BL/6 mouse 

XRD X-ray Diffraction 

  



  

 20 

 

 

Chapter 1. Introduction 
  



  

 21 

1.1  Introduction and Motivation 

Bone’s superiority as a natural material over synthetic materials originates from the 

improved mechanical properties that it achieves as a composite material over the individual 

components (Figure 1-1). At the nanoscale, bone consists of protein (mainly collagen), mineral 

(apatite), water, and non-collagenous proteins (NCPs), which play a role in binding the matrix 

together1. The combination of a flexible, tough organic phase and a strong, brittle mineral phase 

makes bone an ideal composite, with a unique combination of mechanical properties1. 

Genetic factors that reduce the toughness of bone — making it prone to fracture— are 

multifactorial and involve alterations to the composition, structure and organisation of bone, at 

the length scale of the collagen fibrils. However, since there are no standardised diagnostic 

techniques to measure these properties in patients, very little known about how the nanoscale 

components of bone’s matrix dictate its toughness. 

The current gold standard for predicting high fracture risk in individuals is to measure its 

“areal bone mineral density (aBMD)2”. Yet, fragility fracture—fracture by minor trauma—still 

happens in individuals with apparently low risk factors3. Recent imaging techniques have been 

advanced to overcome the limitation of evaluating fracture susceptibility only by the statistical 

estimates of aBMD measurements. These techniques—ranging from computed tomography 

images of bone4 to the dual-energy X-ray absorptiometry measurement5—has produced 

findings that indicate that reduced cortical thickness5, increased cortical porosity6, and 

degraded microarchitecture4 are all potential factors that increase the likelihood of fracture and 

decrease the “quality” of its matrix. 
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Figure 1-1. The hierarchical structure of cortical mouse bone from the macroscale to the nanoscale. 
Macrostructure level, or whole bone level, consisting of cortical and trabecular bones. Mesostructure 
level, or cortical bone level. Microstructure level, single osteon level in cortical bone. Sub-
microstructural level, single lamella level. Nanostructure level, multiphase nanocomponents 
consisting of collagen, minerals, NCPs and water. 

Bone “quality”  has become a widely accepted concept that could explain why nearly half of 

patients’ bones with a healthy aBMD index fail unexpectedly3. Bone quality refers to the 

elements of bone’s properties (composition and structure) that enable bone’s fracture resistance 

(i.e. toughness) to be predicted independent of bone mineral density7. Current pharmaceutical 

treatments for most bone diseases concentrate only on enhancing bone strength by 

hypermineralizing it (e.g. using bisphosphonates therapy) or by preserving the bone mineral8. 

Although bisphosphonates enrich bone density, this treatment fails to consider the quality of 

the tissue (i.e. its architectural structure). As a matter of fact, the ten-year outcomes of patients 

treated with bisphosphonates, show that patients become more prone to spontaneous fracture 

because of extreme brittleness (lack of toughness) of their bones9. Therefore, the concept of 

assessing skeletal fragility based on bone quality through a diagnostic technique has spurred 

considerable attention from some clinicians. One such instrumental methodology is the 

OsteoProbe, a minimally invasive handheld microindenter that measures, in vivo, the bone 

material strength index (BMSi) of cortical bone the mid-tibia of patients’ cortical bone at a 

scale of ~350 µm10. It should be noted that BMSi, counterintuitively, is not a measurement of 

strength but rather a distance, which is suggested to be indicative of tissue mechanical 

characteristics10. More specifically, this methodology is based on Reference Point Indentation 
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technique that involves using a probe to penetrate the outer tissue. The probe rests on the bone’s 

surface to obtain a reference point from which the subsequent high-force impact indentation 

can be assessed10. The depth of the impact indent is determined to calculate BMSi10. Such 

clinical assessments11-13 have suggested that the resultant low BMSi values could be correlated 

to detrimental changes to the materials properties of bone (e.g. cortical bone density, porosity, 

or thickness) that increase the risk of fracture and lower toughness, but have failed to explicitly 

identify, which changes occur10,14.  

Existing research recognises the critical role played by toughness, as a criterion of bone 

quality15-17. Its importance lies in its ability to prevent tiny in vivo fractures from developing 

into catastrophic breaks. In tough bones, small fractures can be confined spatially by various 

mechanisms, so they can ultimately be resorbed and remodelled. Bone has diverse toughening 

mechanisms at multiple scales to resist propagating cracks and raise fracture resistance1. These 

mechanisms include crack deflection, crack bridging, uncracked ligaments, sliding fibrils, 

dilatational bands, sacrificial bonds, and denatured collagen molecules1. The precise 

framework that permit bone matrix to achieve the optimal attributes of high stiffness and 

toughness and the underlying causes of a loss of toughness in pathological bones are to some 

extent speculative. Recent literature has highlighted that these optimum aspects in bone 

originate not only from the constituents of the matrix (collagen, mineral, and water) but also 

from the organisation of the main components, such as the orientation of collagen fibrils18, 

degree of mineralization19,20 and interactions between water molecules21, and NCPs22. 

Therefore, the primary focus of this thesis is to explore the roles of fibrillary anisotropy, NCPs, 

and hydration at the nanoscale level on the micromechanical behaviour of bone. 

What we know about bone mechanics is mostly based upon experimental results that have 

examined them at the macroscale level23-25. However, there is still a notable scarcity of 

empirically based studies that investigate the underlying causes of bone fracture at the level of 
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the collagen fibrils, at which most molecular disorders become apparent26. Specifically, there 

is no experimental data relating bone’s toughness locally to alterations in the arrangement of 

the mineralized collagen fibrils. In fact, it has long been shown that the alignment of collagen 

fibers within the bone matrix leads to mechanical anisotropy at the bulk level18,27,28; however, 

how local variations in anisotropy of the collagen fibrils can be related bone toughness at the 

fibrillar-fibre length scales of bones’ hierarchy is almost unknown. The hypothesis that will be 

tested is that local variations in fibrillar anisotropy at the nanoscale alter mechanical 

deformation process in bone tissue at the microscale. 

The mechanical integrity of bone structures is due, in part, to the manner in which individual 

mineralised collagen molecules are packed into fibrils, which form a characteristic banding 

pattern29. The stability and assembly of the mineralised collagenous structures are further 

supported by NCPs, which mediate cohesion of the collagen matrix29,30. While NCPs have 

established functions as signaling molecules in biological processes: including bone formation, 

composition, resorption and turnover31, they have also been proposed to have significance for 

bone’s mechanics. A deficiency in the content of NCPs associated with collagen, which occurs 

in osteoporotic32 or aged bone33, may dramatically reduce the bulk mechanical properties of 

bone. Nonetheless, the influence of NCPs associated with collagen on bone mechanics remains 

unclear. 

The most abundant of these NCP is osteopontin (OPN) that generally accumulates in the 

spaces among the mineralized collagen fibrils (interfibrillar interfaces)30. OPN deficient bones 

have altered NCPs, and thus, provide an excellent platform to investigate the role of NCPs on 

the micromechanical properties of bone. Evidence suggests that OPN has the ability to form 

non-fibrous self-recovering protein networks at the interfibrillar interfaces during mechanical 

deformation34. Interestingly, recent studies have shown that bone normally fails at these 

interfaces through decohesion, to ultimately trigger the sliding of mineralized collagen fibrils35. 
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In a biochemical study29, it was revealed that changes in NCPs composition, specifically OPN, 

were correlated with local variations in both the distribution and packing density of collagen 

fibrils. The likelihood that OPN deficiency may give rise to localised collagen fibril 

disorganisation and a reduced fracture resistance warrants further examination. The hypothesis 

is that the elasticity and toughness of OPN deficient bone will be reduced as a lack of OPN 

protein lowers the organisation of the mineralised collagen fibrils making bone more isotropic. 

This thesis will test the hypothesis that osteopontin plays a critical role in structural assembly 

of collagen fibrils that affects bone quality and as a consequence its elasticity and toughness. 

Characterization of the structure–mechanics relationships in bone in its native hydrated state, 

is necessary to elucidate its biomechanical behaviour in its near-native state in vivo. Water is 

known to serve as a plasticiser within the bone’s matrix to promote toughness at the tissue 

level. The scale of water’s influence on bone’s toughness at a few micrometer lengthscales is 

lacking in the scientific literature. There are no methods to in situ measure the toughness of 

bone mechanically in a hydrated state at the length scale of collections of collagen fibrils. In 

this thesis, a technique is developed to measure the micromechanical response of mouse bone 

in a hydrated state. 

To test this set of hypotheses, the anisotropic and degraded mechanical properties of bone 

are investigated in mouse bone (healthy and OPN deficient) parallel and perpendicular to 

bone’s principal axis by compressing and fracturing micropillars with a nanoindenter in situ 

under simultaneous observation in a scanning electron microscope (SEM). Uniaxial micro-

compression testing is employed in situ in the SEM to measure the elastic modulus and image 

deformation mechanisms within the bone tissues. A novel experimental system of micro double 

cantilever beams (DCB) is developed – previously used to test SiC ceramics36– to perform in 

situ stable microfracture testing and to quantify the fracture toughness of bone specimens.  A 

significant challenge in performing these experiments lies in the fabrication of micropillars of 
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bone for compression and fracture testing by focused ion beam (FIB) milling and in optimizing 

the analytical solutions for elasticity and fracture toughness by considering different 

geometrical and configurational factors to enhance the reliability of these measurements. 

The thesis also establishes a direct correlation between the effects of organisation, packing, 

and orientation distributions of the collagen fibrillar network on the micromechanical 

behaviour of different bone tissues. Transmission electron microscopy (TEM) is used to assess 

how crack path and toughness are related to local fibrillar organization and structure by 

conducting imaging and electron diffraction of TEM cross-sections of the ultrathin lamellae 

milled from, and lifted out of, the fractured pillars. 

The potential implication of the outcomes of this thesis include:  New knowledge of how 

bone’s organisation at the nano-micrometer scales affect deformation and toughening 

mechanisms in pathologic bone to diagnose deficiencies in bone’s toughness related to 

alterations to the arrangement of the collagen fibrils. The results will guide understanding of 

how to design tissue engineered bone to optimise toughness. If the links between the nature of 

the pathology, bone’s ultrastructure, deformation mechanisms, and toughness can be elucidated 

and quantified, then we can make better predictions in future about “what are the key properties 

that make bones tough?”. Furthermore, once the structural mechanisms underlying any 

alteration in bone quality are established, it is viable that improved and perhaps more effective 

treatments can be designed to treat bone pathologies that target the causes of the structural 

defects.  
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1.2  Thesis Outline 

Chapter 2 is an overview of cortical bone, its structure and mechanics, and recent advances 

in this area, followed by an introduction to the basic concepts used in fracture mechanics to 

measure the microscale mechanical properties of bone. 

Chapter 3 addresses methods used to prepare the bone samples for focussed ion beam, 

scanning and transmission electron microscopy, optimization of experiments, testing, and a 

description of the different multiscale characterization techniques employed in this thesis to 

evaluate the micromechanical properties of bone and the corresponding ultrastructure of 

different bone tissues. 

Chapter 4 is concerned with microcompression tests of different types of bone tissues 

(healthy and OPN deficient). It begins with examining the multiple geometric and experimental 

considerations that have been used to improve the accuracy of the quantified elastic properties 

from the stress–strain relationships and concludes with a discussion of the findings. 

Chapter 5 deals with fracture mechanics of bone tissue. It starts by laying out the theoretical 

dimensions of the analytical solution of fracture toughness and addressing geometric and 

configurational effects that may influence the reliability of the measurements. It ends by 

analysing and drawing together the key findings from the different bone samples (healthy and 

OPN deficient). 

Chapter 6 introduces an optimisation of the experimental protocol to determine fracture 

toughness of hydrated healthy tissue. It discusses different experimental variables that can 

affect the response of the in situ testing system under wet condition. 

Finally, the conclusions are drawn in Chapter 7, which includes the main outcomes and 

implications of this thesis in the field of bone mechanics. Suggestions for future investigations 

are explored in the end of the thesis.



 

Chapter 2. Literature Review  
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2.1  Cortical Bone  

Bone has several structural arrangements at multiple scales. This complex hierarchical nature 

contributes different skeletal functions, such as structural support, movement, and protection. 

Thus, understanding bone’s structure across different scales is necessary to elucidate its 

underlying mechanical properties.  

2.1.1 Hierarchical Structure of the Cortical Bone 

The hierarchical structure of the cortical bone is unique in its complexity. It has multiple 

levels at different length scales that emanate from the individual collagen molecules and 

mineral platelets that run throughout the bone37, as depicted in Figure 2-1. 

 

Figure 2-1. Levels of the hierarchical structure of cortical human bone. 

 

2.1.1.1 Macrostructure: cortical and cancellous bone 

At the macroscale level, bone is classified into cortical (dense or compact) and cancellous 

(spongy or trabecular) types, based upon its degree of porosity or density37. Traditional 

mechanical testing techniques, such as compact tension and three-point bending15,17,28, in 
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addition to ultrasound approaches38, have been employed to characterize cortical and 

cancellous bone tissues at the whole-bone level that establish an anisotropic behaviour in bone. 

Mechanical properties of both cortical and cancellous bone vary within different regions of 

the same bone in the degree of mineralization and porosity and the collagen matrix structure. 

Therefore, evaluating bone’s microscale properties by using measurements taken at the 

macrostructural level is unattainable39. 

In this thesis, mouse model was used for experimentation, the non-osteonal mouse bone is 

an excellent candidate to explore the sole role of fibrillar structures on bone mechanics, without 

taking into account the influence of large structural units found in other animal models, such 

as osteons and cement lines. 

2.1.1.2 Microstructure: osteons and lamellar structure 

At the microscopic level (250–10 µm), cortical bone has a lamellar structure, which is a 

highly organised planar arrangement of mineralized collagen fibres, known as lamellae1. When 

three to eight lamellae wrap around the central canal running along the long axis of bone, they 

form a cylindrical shape, with a diameter of 200–250 µm, called a Haversian system, or osteon1. 

Key studies examining the mechanical properties of bone in tension40, compression41, 

bending38, and torsion42 at the level of a single osteon (~200 µm) have been successfully 

performed by Ascenzi and co-workers. Differences were observed in tension for the 

longitudinal direction (fibril orientation parallel to the osteon axis) and the transverse direction 

(fibril orientation perpendicular to the osteon axis). Compressed individual osteons had half 

the stiffness (6–7 GPa)41, but almost the same strength as the osteons tested in tension (110–

130 MPa)40. Bending tests measured a lower stiffness of nearly 2–3 GPa and bending strength 

of 350–390 MPa38; torsional tests displayed a modulus of 16–20 GPa and strengths were in the 

range of 160–200 MPa42. These conflicting results show the need for further deeper 

investigations into the lamellar orientation within an osteon, to analyse the lamellar mechanical 
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properties of bone. Researchers have concluded that osteons with alternating lamellae perform 

better mechanically under compression, while longitudinal lamellae are a better fit for bending, 

torsion, and tension38,40-42 tests; however, investigators have not been able to provide an 

explanation for the results. The mechanical properties might be influenced by development of 

different deformation mechanisms in anisotropic bone, determined by the direction of 

deformation39. Therefore, researchers have concluded that fibres show a preferential 

orientation along the bone main axis compared to the transverse orientation39. 

Moving down in the scale of bone multilayered architecture to the single microscale level 

(<10 µm), observations show that the orientation of the collagen fibres alternates between two 

successive lamellae (Figure 2-1)1. Bone lamella (~3–7 µm thickness) comprise bundles of 

collagen fibres - a group of staggered arrays of collagen fibrils1. The collagen fibres are 

arranged parallel to each other, but their orientation alternates from one lamella to the next, 

similar to the structure of plywood, which is characterized by different orientation angles1. The 

whole lamellar structure spirals around a blood vessel canal, called a canaliculus1. 

The sub-lamellar structure (~3–5 µm) of bone exhibits a strong anisotropic nature, as the 

orientation of collagen fibrils alternates between adjacent lamellae (Figure 2-1). A combination 

of nanoindentation and quantitative backscattered electron imaging was employed by Gupta et 

al.43 to localize the mean calcium volume fraction at this scale. Based on the variability of fibre 

orientations observed within a single lamella, the image shows “thick” sub-lamellae (fibre 

orientation primarily parallel to the osteon axis) and “thin” sub-lamellae (fibres mostly oriented 

at a large angle to the osteon axis). By utilizing this resolved optical map to direct the 

nanoindentation, Gupta et al.43 found that there is no statistical significance between the elastic 

modulus in thick and thin sub-lamellae across an osteon. Interestingly, this result is somewhat 

contradictory to what Rho et al.44 reported, using similar experimental parameters. Rho and 

colleagues investigated only thick sub-lamellae, and, in contrast, noticed a reduction, with 
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statistical significance, in the elastic modulus from the inner to outer lamella. These conflicting 

results may be attributed to the larger lamellar scale used in Gupta et al.’s experiment43, which 

can obscure substantial mechanical modulations. Conversely, Gupta et al.43 also noted that 

highly mineralized regions of interstitial bone had a marked increase in stiffness, 26-32 GPa 

compared to the surrounding bone. They concluded that the periodicity of the lamellar structure 

seems to be beneficial in preventing incipient microcracks from propagating into the inner 

Haversian system by the highly mineralized interstitial region43. However, another study 

highlighted the ability of microcracks to avoid the osteon by propagating along its interstitial 

border (cement line), which extends between lamellae45. 

Although structural information has been examined by X-ray diffraction (XRD) and electron 

microscopy at this single microscale level, these methods fail to resolve the absolute and 

anisotropic values of elastic modulus and fracture toughness. The existence of such 

orientational variations can lead to differences in crack propagation behaviour along the 

longitudinal and transverse orientations. A popular approach for mechanical testing is to use 

the nanoindentation technique; however, it is inefficient at probing these mechanical properties 

at the microscale level of a single lamella, because of its insensitivity to anisotropy46. 

Therefore, with the help of recent advances in characterization techniques such as focussed ion 

beam (FIB), micromachining site specific regions in bone become possible, in which direct 

access to the sub- and microscale levels can be facilitated to elucidate the role of anisotropy in 

bone mechanics at this small scale.  

A recent state-of-the-art study by Schwiedrzik et al.47 compared the mechanical properties 

of microscopic (single) and macroscopic (numerous) osteons to reveal new insight into elastic 

behaviour of cortical bone at the microscale level. In this work, FIB fabrication was conducted 

to obtain micropillars. The authors reported that, at the microscale level, a pure, ductile 

behaviour can be observed with the capacity to endure large plastic strains without damaging 
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the lamellar bone. In contrast, bulk samples displayed a transition to quasi-brittle behaviour 

with noticeable failures caused by the emanation of cracks. A substantial amplification of 

strength at the microscale level was prevalent compared to the macroscale level, most likely 

from the absence of extrinsic toughening mechanisms. Another important cause for this 

strength augmentation in the microscale was attributed to the size effect phenomenom48, in 

particular to reduce probability of finding preexisting cracks, defects and interfaces between 

bone structural features within the microsised pillar compared to the macroscale one49. These 

structural features increase tissue heterogeneity and reduce strength. Shear was the dominant 

failure mode for lamellar bone micropillars’ under compression. In follow-up work50, 

micropillars were compressed to evaluate the anisotropic plastic deformation behaviour of wet 

bone. A strong influence of hydration was noted with a ~60% reduction in yield stress 

compared to that of bone in a dehydrated state. However, the experiment was performed ex 

situ, which can hide the salient toughening mechanisms, especially for fracture tests. A direct 

way of visualizing the fracture of bone in situ serves to pinpoint, unambiguously the real 

toughening mechanisms at small length scales that have not been probed before. By drawing 

on the same framework, micro- and nanomechanical experiments48 on compressed pillars of 

the cortical and cancellous bones with diameters of between 0.25 and 3 µm, have also verified 

the transition of failure from plastic to brittle and a greater than twofold difference in strength 

in the smaller pillars. Finite element models of elastoplastic deformation on bone’s microscale 

level were performed51, and numerical simulations were in agreement with those obtained by 

the aforementioned experiments. 

The previous microscale studies presented a significant correlation between the size of the 

specimen tested and the observed mechanical properties of the bone, nonetheless, there is still 

much uncertainty about the toughening mechanisms, and causal factors leading to high ductility 

in the compressed micropillars are still speculative. This thesis seeks to contribute to 
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knowledge in this field by providing further insights into the interplay between the structural 

factors (local variations in anisotropy, NCPs and their effect on bone’s ultrastructure, and 

water) and the resulting micromechanical responses (elasticity and toughness) of bone. 

2.1.1.3 Nanostructure: collagen fibril, mineral crystal, and NCP 

At the nanostructure scale, collagen fibrils (surrounded and infiltrated by mineral crystallites 

of apatite) are considered to be of great importance. Bone’s structure is primarily composed of 

both organic and mineral phases1. The organic phase is mainly a network of interlinked type I 

collagen, in particular tropocollagen (300 nm length x 1.6 nm diameter), which is a triple helix 

comprising two a-1 chains and one a-2 chain with a motif52. The self-alignment of 

tropocollagens into fibrils forms a periodicity referred to as a D-band. The D spacing between 

adjacent fibrils is approximately 67 nm (0.46D for overlap region and 0.54D for gap region 

between the ends of adjacent molecules)53. Post-translational modification (PTM) is an integral 

mechanism for regulating the stability and activity of the collagen structure and ultimately the 

mechanical behaviour of bone52. PTMs play key roles in signal transduction to facilitate the 

attachment of water and certain amino acid residues within the collagen chain, as well as the 

formation of enzymatic cross-links between the collagen molecules52. The enzymatic cross-

links provide additional stabilization to the array of collagen molecules52. Overall, non-

defective formation of tropocollagen and PTMs both produce the required cross-links to attain 

bone’s stability during mechanical deformation.  

Collagen fibrils are “decorated” with cross-links, which are crucial for packing the assembly 

of the organic matrix. Immature enzymatic cross-links initially function as stabilizers for the 

periodicity of collagen and then naturally transform to mature cross links between 

neighbouring fibrils54. Non-enzymatic cross-links, a type of advanced glycation end product 

(AGE), are also in this picture and have been known to cause fragility when they accumulate 

in the bone because they weaken the collagen network16. AGEs arise through a glucose-induced 
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reaction to form intra- and interfibrillar connections54. A gradual accumulation of AGEs in the 

organic matrix occurs with ageing, and, as a consequence, the fracture resistance of cortical 

bone decreases55. Wang and co-workers56 studied the relationship between ageing and bone 

mechanics, in terms of collagen’s composition and suggested that ageing is correlated to 

degraded mechanical properties caused by a surge of non-enzymatic cross-links. Lower crack 

growth toughness, with a decline in microcrack density, has been demonstrated57 in cortical 

bone incubated in glycation. However, there is still a scarcity of information about the exact 

mechanisms by which AGEs affect the mechanical behaviour of bone. Specifically, there has 

been no in vivo study that examined whether the inhibition of AGE accumulation - as a result 

of diseases or ageing - can result in a retention of bone’s toughness. 

Another component of the organic matrix is NCPs, mineralization is influenced by NCPs, 

including OPN, by supporting mineral attachment to bone, including nucleation and crystal 

growth30,34. OPN protein forms sacrificial bonds between the mineralized collagen fibrils that 

dissipate energy during fracture, which serves as a nanoscale toughening mechanism for 

bone34. Another toughening mechanism that is mediated by NCPs at the nanoscale level is 

through the formation of dilatational bands -small voids between mineral crystals -, which are 

formed during post-yield deformation58. This mechanism has been studied through fatigue and 

indentation tests by atomic force and confocal microscopy58. Overall, suppressing NCPs can 

have deleterious effects on bone, beyond its compositional characteristics. Therefore, 

unravelling their role in contributing to the multiscale toughness of bone is important. Yet, 

research reported in the literature remains limited in this regard, and additional studies are 

required to identify the precise role of NCPs in the mechanical responses of bone. More studies 

are required to ascertain their contribution to bone fragility in relation to other established 

toughening mechanisms that are altered in pathologies. 
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Regarding the mineral phase of bone, it is primarily composed of nanosized crystals of 

carbonated calcium and phosphate (i.e. hydroxyapatite [HA])59. It is thought that the elastic 

properties of bone mineral crystal differ from those of pure HA60 because of the substitution 

and vacancies into the native crystal61. Contrary to synthetic HA, bone mineral incorporates 

carbonate into its structure over time via the substitution of phosphate within the crystal lattice, 

whereas other trace quantities of ions (e.g. Mg2+, K1+, Na1+, F1-, Cl1-) have been found to 

substitute for calcium over time along with water that occupies vacancies in the lattice22,59. 

Therefore, the crystallinity and substitutions within the lattice vary based on the degree of 

carbonate in the HA in bone. The mineral crystals in bone have the shape of an imperfect plate, 

with an estimated size of 50 nm length × 25 nm width × 2–3 nm thickness1. 

Mineral platelets are mainly embedded in the interstices between the tails and heads of the 

collagen molecules; this process is known as intrafibrillar mineralization1. Because these plate-

shaped mature crystals are confined within these discrete gaps in the collagen fibrils, the 

likelihood of further mineral crystal growth is restricted, and minerals are spatially isolated 

within the gap zones1. In addition, the c-axis for this hexagonal crystal structure is aligned with 

the longitudinal orientation of the collagen fibrils1. After mineralization within the gap zones, 

the mineral deposition extends into the spaces between the fibrils; this process is called 

interfibrillar mineralization1. 

Based on molecular dynamics simulation models of the nanomechanics of a collagen 

microfibril53, the elastic modulus of hydrated collagen microfibrils under increasing tensile 

stress along the fibril axis is ~300 MPa at small deformation and ~1.2 GPa for large 

deformation (>10% strain). Inclusion of mineral components in the model results in increasing 

the elastic modulus as a function of the mineral amount62. Thus, mechanical properties related 

to bone toughness are conformed to the collagen matrix, whereas the mineral phase confers its 

brittleness. Wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS) in 
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situ experiments have further confirmed that minerals are primarily responsible for the stiffness 

in bone63,64. Moreover, the spatial distribution of mineral and its quality, namely, mineral 

crystallinity and substitutions within their crystal lattice, may also have an impact on the 

biomechanical response of bone. 

The degree of mineralization degree plays a critical role in fracture behaviour; thus, bones 

containing fewer minerals usually have rough, fibrous fracture surfaces, in comparison to bones 

with greater amounts of minerals that exhibit flat and brittle fracture surfaces, which suggest 

an absence of toughening mechanisms65. Taken together, the mineralization process takes place 

in a few stages: early mineralization inside a fibril within the gap zone (intrafibrillar), followed 

by mineralization between the fibrils (interfibrillar), and then – it is believed that - the minerals 

coat the fibrils surface (extrafibrillar)66. However, the precise location of the mineral, whether 

intra- or interfibrillar, has been questioned16,67. Answering this question requires a 

comprehensive understanding of the process that leads to the collagen molecules forming 

fibrils and the packing density of the fibrils67. This knowledge could be drawn from the nature 

of inter- and intramolecular cross-links, which confine the volume available for the minerals 

and expansion of the collagen to enable for both intra- and interfibrillar mineralisation67. 

The mineralization degree can be quantified using several techniques—quantitative 

backscattered electron imaging (qBSE), Fourier transform infrared (FTIR), and nuclear 

magnetic resonance (NMR) spectroscopies68. FTIR measures the ratio of mineral-to-organic 

matrices, such ratio can indicate the correlation between the elevation of turnover events in 

mature bone and the rise in the elastic modulus and strength at the tissue level68. However, 

when bone suffers from osteoporosis, morphological changes in bone mass take place caused 

by imbalance in remodeling events69. Bone remodeling is a physiological process involves 

resorption of old or damaged calcified bone matrix by osteoclasts and the subsequent formation 

of new calcified bone matrix by osteoblasts70. However, under certain pathological conditions, 



    
 

 38 

                                                                                                             Background       2     

a disruption of this remodelling cycle can occur leading to disequilibrium between these 

sequential processes, more specifically, an increase in the amount of bone resorbed than 

formed70. This may lead to osteoporosis, a disease characterized by reduced bone mass, 

deterioration of bone microarchitecture wherein the tissue become progressively porous 

coupled with high susceptibility to fracture71. A clinical way to remedy this condition is to 

prescribe bisphosphonates, a medication that inhibits the loss of bone density by suppressing 

bone turnover to increase mineralization level relative to the organic matrix. Though, there are 

adverse effects of altering the heterogeneity of the microstructure; these are linked to a reduced 

fracture resistance by impairing toughening mechanisms72. On the other hand, the 

mineralization level (estimated by qBSE) has been found to increase in osteogenesis imperfecta 

(Oim), a disease that is caused by a genetic mutation in type I collagen that leads to a brittle 

bone phenotype73. The hypermineralization may be a result of the high packing density of 

crystals rather than an enlargement of crystal size73. This disruption of mineralization 

behaviour is also accompanied by reduced elastic modulus8 and irregularities in the collagen 

fibril architecture74. altogether, these studies demonstrate that, even though 

hypermineralization in Oim is likely to promote bone brittleness, abnormalities in collagen 

fibril ultrastructure also play a detrimental role. 

Another important component of bone is water, which can be found residing as: running 

freely through Haversian canals; attached to collagen; and as part of the collagen structure75. 

Water molecules bind to the tropocollagen helix via the hydroxyl group, which provides extra 

stability to the helix by mediating the formation of hydrogen bonds in the backbone peptide 

groups76. The role of water in bone mechanics is discussed in further details in the following 

sections. 
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2.1.2 Toughening Mechanisms in Cortical Bone 

Deciphering the sources of toughness in bone and its alteration with age and disease requires 

a rigorous understanding of the correlation between the mechanical properties and the 

hierarchical architecture of the various constituents at each level of the bone. The overall 

toughness of the cortical bone mainly stems from mechanisms that act at different length scales 

of hierachy1. It has been suggested that the relationship between toughness and strength dictates 

that the occurrence of one impedes the occurrence of the other1. Toughness requires plasticity 

to be boosted, whereas strength requires plasticity to be restrained1. However, bone toughness 

can be enhanced through its complex structure1. Bone has both intrinsic and extrinsic 

toughening mechanisms1, as depicted in Figure 2-2. The former mechanisms emanate from its 

natural ability at the nanoscale level of the structure to resist elastic and inelastic deformation. 

The mechanisms, in this specific case such as fibril stretch and sliding, sacrificial bonding and 

collagen uncoiling, become active in front of the cracked tip and develop a plasticity that is 

responsible for toughness, which help to prevent bone damage. Extrinsic mechanisms (crack 

deflection, uncracked-ligament bridging, fibre-bridging and constrained microcracking) 

become activated after the initiation of a crack, to prevent the crack from splitting further by 

shielding it from the applied driving force. This is accomplished by intervening in the 

propagation of the crack through microscale features1. 
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Figure 2-2. Toughening mechanisms in bone. The resistance of bone to fracture is a combination of 
intrinsic (fibril stretch and sliding, sacrificial bonding, and collagen uncoiling) and extrinsic (crack 
deflection, uncracked-ligament bridging, fibre-bridging and constrained microcracking) toughening 
mechanisms. 

Fracture onset in bone involves the introduction and progression of a crack; therefore, 

resistance to fracture (fracture toughness) is of great important to bone mechanics. Toughness 

can be estimated through the resistance curve, also known as the R-curve, which is a measure 

of the crack-driving force as a function of crack growth (∆a)77. An increasing R-curve is 

indicative of material exhibiting an extrinsic toughening mechanism, which is reflected by the 

extension of the R-curve1. Intrinsic toughness is distinguished by the initiation of the R-curve 

when ∆a → 0.1 The concept of R-curve is discussed in further details in the following sections. 

2.1.2.1 Intrinsic toughening mechanisms 

The intrinsic mechanisms in bone are reflected at the initiation of crack toughness in a 

fracture mechanics test. In bone, the intrinsic fracture resistance originates primarily at length 

scales below and at the fibrillar level1.  

Intrafibrillar toughening mechanisms: stretching 

The behaviour of fibrils subjected to a mechanical load is a key for the mechanical 

performance of the whole bone. Earlier studies on unmineralized collagen fibrils undergoing 
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elastic deformation have showed that the fibrils deform through elongation of collagen 

molecules35. Real-time SAXS accompanied by microtensile measurements35 provides the 

means for observation of fibril deformation as a macroscopic stress is applied. This approach 

is based on tracing the periodicity changes (i.e. D-periodicity of 67 nm) in the collagen fibrils, 

as a sign of fibrillar strain at the nanoscale level35. Conducting such an experiment by Gupta et 

al.35 has demonstrated that fibrils stretch in the elastic domain, because fibrillary strain linearly 

increases with the applied stress.  

Molecular modelling studies on unmineralized collagen fibrils have shown that they deform 

first through molecular denaturing and then stretching of the collagen molecules62,78. 

Interestingly, different nanocomponents can be involved in the biomechanical response, such 

as non-enzymatic cross-links between collagen molecules, which can further enable fibrillary 

stretching79. Overall, elasticity in fibrils is most probably governed by denaturing and 

stretching of the collagen helices1. 

Interfibrillar toughening mechanisms: sliding 

Beyond the yield point, the elastically stretched fibrils reach their deformation limit35. 

Experimental observations by SAXS have shown that stretched fibrils develop a shear 

deformation in the interfibrillar matrix to induce sliding along the collagen–collagen interface 

in overlap zones (Figure 2-3)35. As the stress further progresses, the fibrils decouple and pass 

each other, a process which is caused by the breaking of a sacrificial bond. Onset of failure is 

triggered by the debonding of the interfibrillar mineral–collagen interface35. 

With little knowledge about the deformation processes in mineralized collagen fibrils, 

researchers have attempted to interpret these processes through computational modelling79. It 

has been shown that modifications to the organic matrix, specifically, the addition of non-

enzymatic cross-links, can inhibit permanent deformation by slipping, which consequently 

decreases toughness79. 
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Figure 2-3. A proposed nanoscale toughening mechanism of the sliding collagen fibrils in bone. The 
vertical arrows show the motion direction of mineralized collagen fibrils when they are subjected to 
an applied load, resulting in shear stress in the interfibrillar matrix. Adapted with permission from35. 

Nanoscale toughening mechanisms: sacrificial bonding 

One other aspect that facilitates plastic deformation in bones is the NCPs that infiltrate 

between constituent complexes, such as collagen fibrils and minerals, to “glue” them 

together34,79. The concept of “sacrificial bonds”, which are weak bonds within the organic 

matrix of mineralized tissue that function as a resistance mechanism to fracture in bone, was 

first introduced by Hansma et al.80. The ability of an atomic force microscope (AFM) to pull 

protein and capture an image simultaneously has been utilized to investigate the phenomenon 

of sacrificial bonds34,80. The process is based on pushing bone pieces against each other via the 

AFM cantilever and then pulling them apart to simulate the separation interaction of fibrils in 

bone matrix80. It has been observed that, when organic molecules are pulled, a clear rise of 

force associated with elongation can be seen, preceded by an elongated stretch with force 

fluctuation80. This is attributed to a sequence of breaking and reforming of internal molecular 

bonds80. In experimental conditions, the resulting force-elongation curve had a rather large area 

under it that relates to a high-energy dissipation during the pulling of molecules80. As a 



    
 

 43 

                                                                                                             Background       2     

consequence, this process plays a part in enhancing bone toughness by augmenting the required 

energy to propagate a crack at a larger scale before or at its onset80. 

It has been reported81 that sample preparation method for the AFM experiment such as 

cutting or polishing may have an effect on the capability of organic molecules to dissipate 

energy during pulling events. Furthermore, in these experiments the fibrils environment, i.e. 

dehydrated, may also play a role in lowering forces at rupture point compared to rehydrated 

state. Altogether, further quantitative research is required to clarify the mechanical role of 

NCPs on a microscale.     

Nanoscale toughening mechanisms: dilatational band formation 

Fracture in bone is believed to include the formation of dilatational bands, which are 

elliptical voids about 100 nm in size that result from disruption in NCPs infused between 

mineral aggregates58. Microindentation data in conjunction with the analytical model were 

performed to elicit fracture and assess the dilatational band–based bone toughening in 

longitudinal and transversal bones58. In this arrangement, the application of stress may give 

rise to inhomogeneous strain, inducing plastic deformation and the formation of dilatational 

bands58. Fracturing mainly originates in the spaces within interfibrillar minerals between fibrils 

and then progresses to the extrafibrillar interstices, which include fibrils glued with NCPs58. 

Quantification of NCPs in regions having dilatational bands shown a higher amount of OPN 

and OC than in the surrounding tissues58. The phenomenon of dilatational band formation 

happens before other nanoscale mechanisms take place, such as fibril-sliding58. Growth and 

accumulation of such nanolocalized bands extend matrix deformation to the next hierarchical 

level of bone, as diffuse damage and fibril sliding. 

Although these results have provided a new insight on bone ultrastructure, they are 

established using indentation-based experiments that could pose inherent issues since bone is 
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an anisotropic material. That is, the extracted mechanical deformation properties, by 

microindentation relies on the assumption that the tested sample is an isotropic solid. 

2.1.2.2 Extrinsic toughening mechanisms 

As mentioned earlier, initiation of a crack in a bone triggers extrinsic mechanisms to shield 

the crack from growing. These toughening processes normally have a scale of 1 µm- whole 

bone level and are directly proportional to the size of the structure resisting the crack’s 

extension, whereby a larger scale is more effective at shielding it1. 

Constrained microcracking 

Microcracking is a common occurrence in bone and varies in density according to the 

condition of the bone tissue1. Microcracks are indicative of damage, in general, and their 

presence implies that energy is being dissipated1. Microcracks form in highly stressed areas 

around the tip of a growing crack, where they dilate to relieve the stress; however, this dilation 

is constrained by other less stressed regions in the surrounding area, which limit further 

dilation1. The existence of such localized microcracks around the main propagating fracture 

can efficiently dissipate the local stress that would otherwise induce the bone to further fracture, 

consequently increasing the resistance to a growing crack1. There is ongoing debate as to 

whether microcracks have the direct effect of producing extrinsic toughness. Yet, microcracks 

are still essential to facilitate the occurrence of other important toughening events in bone, such 

as crack deflection and bridging.  

Crack bridging 

Crack bridging is frequent extrinsic toughening mechanism in bone tissue. When a crack 

begins to propagate, “bridges” form from uncracked matrix or collagen fibers behind the crack 

tip to keep the material intact by carrying the load that would otherwise extend the crack 

further1. However, even though bridges are seen in the wake of a crack, their involvement in 

the extrinsic toughness is considered limited1. 
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Crack deflection  

Another important extrinsic mechanism that enriches toughness and prevents further 

deformation of the bone tissue is crack deflection. An ideal crack should extend along the path 

that amplifies its driving force, namely, the path of maximum strain energy release rate1. When 

the propagating crack encounters in its path a structural feature- mainly osteon, interface, or 

local regions of brittle or less fracture-resistant material- it deflects. If the crack continues on 

a straight path, the driving force will be maximized, but a deviation from the original route 

would lead to a decrease in the driving force at the crack tip1. This would result in toughness 

enhancement because more stresses are needed to be applied to maintain further crack 

propagation28. Orientation plays a role in crack deflection in bone, specifically in the transverse 

orientation, in which toughness can increase twofold or more82. In cortical bone, when a crack 

path is transverse to the osteonal axis, a deflection occurs because the osteon structure 

encompasses interfaces of hypermineralized cement lines that serve as a home for deflections. 

Thus, bone is considered to be tougher in the transverse than in the longitudinal orientation1. 

As a consequence of this deflection-toughening mechanism, the resulting fracture has either a 

rough surface, which is characteristic of tough ductile material, or smoothness of the failed 

surface, as an indicator of brittle fracture. However, the focus of most studies has been the 

extrinsic mechanisms that occur at a macroscale level in bone, whereas a correlation between 

fibrillar orientation at the nanoscale and the deflection at the microscale level has received less 

research attention. 

2.1.3 Role of Bone Orientation 

Bone’s mechanical response is dependent upon orientation, since bone has a highly 

anisotropic structure. Previously, longitudinal and transverse oriented bone samples were 

loaded under three-point bending to evaluate the energy needed to advance a crack in different 
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directions83. The crack extension energy of longitudinal bones was significantly less, as the 

crack propagated vertically along the long axis of the bone and the fractured surface appeared 

smooth83. In the transverse orientation, a considerable increase in the crack-extension energy 

was marked where the crack path crossed the bone’s long axis perpendicularly and the resulted 

fractured structure showed distortion and roughness83. From a macroscopic point of view, 

anisotropy in bone is a result of the preferential alignment along the bone’s long axis and 

variation of fibers angles with the crack path provides few advantages over perfect alignment 

because it raises the toughness behaviour. Therefore, differences in the bulk mechanical 

behaviour of different orientations can be attributed to the anisotropic characteristics of bone 

and the contribution of hierarchical structural constituents. 

2.1.4 Role of Water 

Water is abundant in the bone matrix, comprising up to 20% of its volume84. Water exists in 

three distinct compartments at different hierarchical levels of organisation: (1) structurally 

solid-like water incorporated into the mineral lattice or the tropocollagen triple helix; (2) free 

pore water within the vascular, lacunae, and canaliculi porosities; and (3) bound water that is 

found between the collagen (hydrogen bonding) and mineral phase (electrostatic attraction)84.  

Through the means of 1H NMR, coupled with magnetic resonance imaging (MRI), the 

concentrations of both bound and pore water compartments in the hydrated bone can be 

examined ex vivo independently because they produce two distinct signals84,85. It was suggested 

that matrix-bound water is probably crucial to the post-yield fracture mechanics of bone 

through its attachment to the collagen matrix84. That is, water within the matrix also imparts 

ductility to the collagen matrix, enabling the fibrils to extend further than the yield limit of 

bone84. In a recent study conducted by Wang et al.86, to investigate causal factors contributing 

to the toughness of wet bone, the surfaces of cortical bone were subjected to enzymatic 

treatment to remove glycosaminoglycans (GAGs), a polar and negatively charged NCP that 
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has an intense propensity to attract water molecules into the bone matrix. Using in situ 

nanoscratch testing on both treated dry and hydrated bone samples, it was found that the 

removal of water had detrimental effects on bone’s toughness86. 

Water within bone’s structure, influences its mechanical properties (Table 2-1). Dehydrating 

bone leads to an escalation of stiffness across multiple scale levels and a global reduction in 

toughness84. Many studies84,87,88 have reported that dehydration causes a contraction of the 

collagen fibril diameter87, as well as the space between the collagen molecules, making 

collagen packing more dense and eventually affecting the collagen–mineral interactions88. To 

demonstrate this event, in one experiment, the water within the matrix was dried, and during 

this process, the collagen fibrils became stiff and contracted longitudinally, constricting the 

mineral region, which increased the strength of the bone84. In a MRI study of ageing bone84, it 

was shown that there was an age-related decrease in water content that possibly correlates to 

reduced mechanical integrity. 

Despite the importance of water to the bone matrix, there remains a lack of empirical 

evidence about its role on bone’s fracture behaviour on a few micrometers scale. 
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Table 2-1. Effect of water removal on bone's mechanical properties at different length scales 

Length scale 
Dehydration 

treatment 

Mechanical 

test 
Mechanical property 

Re

f. 

At the whole bone 

level 

-Mouse femur 

-Human femur 

-Elephant dentin 

-Elephant dentin 

 

-Human femur, 

tibia, humerus 

-Human tibia, horse 

radius, dog femur 

 

 

Air dried 

Air dried 

Scotch whisky 

Methanol, 

ethanol, acetone 

Air dried 

 

Air dried 

 

 

 

3-point bending 

Tensile test 

Bending test 

Bending test 

 

Tensile and 

compression test 

Tensile test 

 

 

 

↑ stiffness (+40 %), ↓ ductility 

No changes: stiffness, yield strength 

↑ Stiffness (+75 %) 

↑ Stiffness, ↓ ductility 

 

↑ Stiffness in compression and 

tension 

↑ Stiffness (+7 %) 

 

 

89 

90 

91 

92 

 

93 

 

94 

At the osteon scale 

-Human vertebrae 

-Equine cortical 

-Lamb cortical 

-Human femur 

-Human trabecular 

 

Air dried 

Air dried 

Heat (42°C) 

Air dried 

Ethanol 

 

Microindentation 

Microindentation 

Microindentation 

Microindentation 

Microindentation 

 

↑ Stiffness 

↑ Stiffness 

↑ Hardness 

↑ Hardness 

↑ Hardness 

 

95 

96 

97 

98 

99 

At the lamellar 

scale 

-Porcine cortical 

-Bovine cortical 

-Bovine cortical 

-Mouse tibia 

-Equine cortical 

- Ovine tibiae 

 

 

Air dried 

Air dried 

Air dried 

Air dried 

Ethanol 

Air dried 

 

 

Nanoindentation 

Nanoindentation 

Nanoindentation 

Nanoindentation 

Nanoindentation 

Ex situ micro-

compression 

 

 

↑ Stiffness (+42 %) 

↑ Stiffness (+40 %) 

↑ Stiffness (+15 %), ↑ Hardness  

↑ Stiffness 

↑ Stiffness 

↑ Yield stress (+60 %) 

 

 

100 

101 

102 

103 

104 

50 
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2.1.5 Pathological Diseases Affecting Bone Mechanics: 

Osteopontin Deficiency 

OPN expression, along with that of other NCPs, is implicated as a vital factor in bone 

mineralization105. It has been suggested that OPN is essential in mediating the anchoring of 

both osteoclasts and osteoblasts to bone mineral105. In fact, OPN is a host protein for multiple 

enzymes whose functions may regulate the mineralization process in the bone matrix106. Matrix 

mineralisation in OPN-deficient tissue has been explored through a combination of SAXS and 

qBSE in a prior study by Thurner et al.79, it was found that bone matrix had significantly 

increased mineral heterogeneity with lower apatite crystal thickness. It was suggested79 that the 

absence of OPN protein is determinantal to bone matrix material properties. Given that 

collagen works as a template for the mineralization process107, it is understandable that OPN 

deficiency affects the mineralised collagen matrix. There is also emerging evidence that OPN 

protein contributes to the regulation of fibril assemblies packing29. This was investigated by 

immunocytochemical labelling of OPN in different bone tissues, which showed regions 

exhibiting low labelling densities for OPN in tissue interfaces, coupled with a relatively low 

packing density of collagen fibrils. Consistent with these findings, biochemical analyses of 

osteoporotic bone revealed alterations in the physiochemical characteristics of collagen fibrils, 

which cannot be by explained by lower remodelling alone, as a result of changes in the NCPs 

quantity32. Taken together, defects in the interfibrillar protein-based glue caused by a 

deficiency of OPN are expected to also lead to localized disorganisation of the bone structure, 

characterized by a random orientation of the collagen fibrils and minerals, accompanied with 

high porosity and a varying degree of mineralization79. 

 NCPs matrix, in particular OPN and OC, is also important for imparting cohesion and 

mediating nanoscale toughness among the collagenous matrix. The negatively charged OPN, 
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along with its specific amino acidic residues and its flexible structures, permits the formation 

of dilatational bands58 and sacrificial bonds80, to resist fracture. 

OPN is a signalling protein that plays multiple biological and structural roles, and thus, OPN-

deficient bone exhibits different compositional and structural features than healthy bone (Table 

2-2). These differences in the phenotypes of OPN and healthy bone also reflect on the 

differences between their mechanical properties. Mechanical integrity is profoundly 

compromised by an OPN mutation. A deficiency in OPN affects the capability of bone tissue 

to resist an emerging crack at the whole-bone level by up to 30%79. This single mutation in 

NCPs has a detrimental effect the bone’s elasticity and toughness at the bulk scale79. Although 

OPN deficiency has previously been revealed to impair the macro-mechanical properties of 

whole bones, but these results do not explore the underlying changes in bone material 

properties and fibrillary structure. A link between the impaired fracture resistance and the 

perturbation of collagen fibrils organisation on a few micrometers scale remains unclear to 

identify the effect of OPN on bone quality. 
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Table 2-2: Showing major NCPs that significantly contribute to the formation and mechanical properties 
of bone matrix. 

Major 

NCP 
Function 

Bone 

mass 

Mechanical 

property 

(bulk) 

Disease Reference 

Osteopontin 

(OPN) 

 

- Regulates bone 

formation and 

resorption, together with 

collagen type I forms 

scaffold for mineral 

deposition, controls 

hydroxyapatite 

crystallization 

Preserves 

cortical and 

trabecular 

bone 

mass 

 

↓ elastic modulus, 

maximum 

load, work to 

fracture, and post-

yield 

deformation 

Osteoporosis 34,58,79,108-110 

Osteocalcin 

(OC) 

 

Regulates bone 

formation and 

resorption, regulates 

bone formation and 

resorption, together with 

collagen type I forms 

Scaffold for 

mineral deposition, 

controls hydroxyapatite 

crystallization 

↑ bone mass 

and cortical 

thickness 

 

↑ strength Osteoporosis 30,58,111-113 

Osteonectin 

(SPARC) 

 

Supports bone 

remodeling, regulates 

the diameter of the 

collagen fibers, regulates 

cell proliferation and 

cell–matrix interactions 

↓ cortical 

and 

trabecular 

bone 

mass 

↓ stiffness and 

strength 

 

Osteogenesis 

imperfecta, 

Osteopenia 

110,114-116 
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2.2  Fracture Mechanics of Bone 

Fracture mechanics is the study of mechanical behaviour of cracked materials and different 

aspects of fractures to increase a component’s reliability and lifetime. This section provides an 

overview of mechanical concepts related to the deformation and fracture mechanisms of bone. 

A brief discussion of fracture toughness parameters, crack-resistance curve (R-curve) and the 

crack tip state are covered, with emphasis on cracks in linear-elastic materials in order to 

develop microscale testing methods to probe the mechanical properties of bone in the current 

work. 

2.2.1 Crack stability and the R-curve 

In 1921, Griffith proposed117 a criterion for crack growth through an energy-based theory. 

Crack propagation occurs when the released elastic strain energy must be sufficient to 

overcome the energy required to generate new crack surface. The more energy dissipation or 

toughening mechanisms present, the higher is a material’s ability to resist fracture. The energy 

release rate, symbolised by G, is a measurement of the energy available for a unit increase of 

crack growth. G is also called the crack extension force, the crack driving force, or fracture 

energy. 

An alternative expression to material resistance to crack propagation is the stress intensity 

factor (fracture toughness), which is denoted by K. For the conversion between K and G under 

plane-strain deformation, the following expression is used77: 

 						𝐺 =
𝐾@A

𝐸 	(1 − 𝜈A)	 (2.1) 

where E is the elastic modulus and n is Poisson’s ratio. 

Crack growth commences as G reaches a critical value, Gc which is the critical energy release 

rate at the onset of crack extension and a measurement of the material fracture toughness. Since 
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during crack growth two crack surfaces are generated, thus Gc can be expressed as Gc = 2gs, 

where the surface energy gs is the energy required for the creation of unit area of new crack 

surface. For crack lengths greater than this value, the rates of energy change with crack 

extension is illustrated by the resistance of material, R, to fracture propagation. A plot of R as 

a function of crack growth is called a resistance curve or R-curve. The corresponding plot of 

G, with respect to crack extension, is called the driving force curve77. Two behaviours are 

typically depicted in driving force– or R-curves for different materials77 (Figure 2-4). 

The flat R-curve (Figure 2-4a) demonstrates77 a constant resistance with crack extension 

during applied stress, s1. When the stress reaches a critical value, sc, the onset of fracturing 

commences in an unstable manner due to the increasing driving force with crack propagation 

even though the material resistant remains invariable. This value explicitly constitutes the 

critical value of the energy release rate, Gc. 

In the case of material with a rising R-curve (Figure 2-4b), the applied remote stress increases 

from s1 to s2 where a small crack starts to grow, and to grow further, the stress has to increase77. 

This is attributed to the fact that at s2 the increment of driving force has a slow rate compared 

to R, resulting in a stable crack growth as the stress reaches s3. As the stress increases to s4, 

the crack extension becomes unstable because the driving force curve has a tangency point 

with the R-curve. This implies that the driving force rate is higher than the slope of the R-curve; 

one of the factors of this trend is the configuration of the sample. Though the initiation 

toughness is not typically dependent on the geometrical configuration of the tested sample, 

materials that exhibit a rising R-curve, such as bone, can be characterised by the measurement 

of Gc at the crack initiation, which is called initiation fracture toughness77. 
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Figure 2-4. Schematic of driving force and R-curve diagram, showing: a) flat R-curve and b) rising R-
curve. Adapted and reproduced from 77 and 118. 

Overall, the conditions for stable crack growth can be stated as77: 

 𝐺 = 𝑅 (2.2) 

and 

 
𝑑𝐺
𝑑𝑎 ≤ 	

𝑑𝑅
𝑑𝑎 (2.3) 

Instability of crack growth happens thus: 

 
𝑑𝐺
𝑑𝑎 > 	

𝑑𝑅
𝑑𝑎 (2.4) 

According to equations (2.3) and (2.4), the stability of crack growth is notably affected by 

the changing rate of G with crack extension, namely the second derivative of potential energy. 

The shape of the R-curve is highly dependent on the material properties77 and, to a lesser extent, 

on the geometrical configuration of the sample. A flat R-curve is generally a characteristic of 

an ideal brittle material, contrastingly, a rising R-curve is attributed to ductile behaviour. 

2.2.2 Crack tip plasticity 

Consider a linear elastic material subject to a mode I fracture; a stress syy exists that 

eventually yield. When yielding occurs (syy = sc), a boundary is assumed to be present between 

the limit of the elastic and plastic behaviour near the crack tip. Given that material deforms 

plastically beyond the yield stress, a plastic zone is formed around the crack tip regime with 
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increasing load (Figure 2-5). Therefore, the elastic solutions of linear elastic fracture mechanics 

(LEFM) are not applicable in this region77. The first-order estimate of the size of a plastic zone 

for mode I plane-strain is119: 

 𝑟MN =
1
6𝜋 P

𝐾@
𝜎R
S
A

 (2.5) 

where rpl is the plastic zone size, KI is the mode I stress intensity factor and sc is the critical 

applied stress at the yield point. 

At the onset of yielding, the stresses in r ≤  rpl must be redistributed within the yield limit of 

syy = sc to satisfy equilibrium. This strictly describes the case of elastic crack tip, however, an 

elastic-plastic material is capable of carrying higher stress than a material that is only elastic. 

As stress cannot exceed yielding, the size of the plastic zone must enlarge to accommodate 

these stresses and reach equilibrium (Figure 2-5). The state of the plastic zone is governed by 

the stress condition at the zone elastic-plastic boundary, which is contingent on the plastic zone 

size and the dimension of the sample. Hence, for a valid plane-strain fracture toughness 

measurement that embodies a true material property, it is crucial that the sample’s dimensions 

are considerably larger than the plastic zone near the crack tip. 
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Figure 2-5. Schematic estimation of plastic zone size for elastic and elastic-plastic materials. The 
shaded area represents stress that must be redistributed, leading to enlargement of the plastic zone 
size. Adapted and reproduced from 77. 

2.2.3 Assessment of fracture toughness on the micro-scale 

Measurements of macro-scale fracture toughness are widely carried out by bulk-scale 

testing, such as the compact tension and the single edge notch bend (SENB). However, small-

scale fracture toughness measurements have greatly advanced over the last decade due to 

increasing trends towards the miniaturisation of devices and optimization of microstructures. 

There is abundant evidence that diverse mechanical effects emerge when probing miniaturised 

dimensional samples, such as “smaller is stronger”120-122 or the “reverse Hall–Petch 

effect”123,124, implying that fracture mechanisms exhibit distinctive characteristics on the micro 

level. 

Scaling down the geometrical configurations of standard tests can be difficult, especially 

because sample dimension must adhere to the established American Society for Testing and 

Materials (ASTM) standards125 to obtain a valid plane strain fracture toughness. For instance, 

machining a free-standing sample supported by roller bearings that embodies SENB is difficult 

to replicate at the micro-scale. Therefore, alternative micro-scale fracture tests have been 

developed. 
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The advancement of characterisation techniques that are capable of testing and recording the 

relation between load and displacement accurately, while simultaneously imaging the crack 

propagation in situ as it develops, paves the way for measuring fracture toughness at the micro-

scale126. The ability to perform in situ tests inside the SEM provides the means to probe small 

volumes while simultaneously observing the deformation behaviour. In situ SEM-based 

fracture tests make it possible to accurately resolve the key deformation events that are 

occurring at the micrometer level, such as crack initiation through direct visualisation. This 

enables the capture of the growth phases of the crack trajectory during loading—which is 

particularly significant for materials with R-curve—and can also pinpoint which toughening 

mechanisms are operating, at the micrometer level. Recent micro-scale testing techniques are 

reviewed below.  

2.2.3.1 Nanoindentation 

Nanoindentation is a standard technique to determine mechanical properties like hardness 

and elastic modulus of the material from load-displacement measurements127. Most markedly, 

this method does not require prior sample preparation and can probe hardness and elastic 

characteristics for diverse materials from hard superalloys128 to soft biomaterials129 within 

seconds, rendering it the more expeditious approach among other tests. 

Standard indentation hardness testing involves the quantification of the extent of a residual 

impression of the indent in the sample with respect to the indenter load127. In nanoindentation 

testing, the dimension of the residual impression is typically within a range of a few 

micrometers. During the nanoindentation test, a continuous recording of the indenter position 

and load are carried out130. Once a predetermined maximum load (Pmax) is reached, the contact 

area underneath the indenter will yield and will be quantified by the penetration depth (hmax)130, 

as illustrated in Figure 2-6. Upon withdrawing the indenter until a zero load is attained, a 
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permanent deformation in the correspondent penetration depth (hf) occured, even though some 

plasticity may recover130. 

Through knowledge of the indenter’s geometry and the size of the contact area in a particular 

applied load, the hardness of the material can be determined. Hardness is given by H = Pmax/AC, 

where AC is the contact area at the maximum load130. The contact area can be calculated based 

on the indenter type. For perfect Berkovich and Vickers indenters, the contact area is AC =24.5 

hC2, the contact area for a cube indenter is AC =2.6 hC2 and the contact area for a spherical 

indenter is AC = 2pRhC, where R is the radius of the indenter127. Oliver-Pharr’s130 analysis 

model for elastic-plastic indentation is generally applied to calculate the contact depth, hC; a 

less common approach is the analysis model of Field and Swain131, which is used in spherical 

indentation. In the Oliver-Pharr model130, the upper portion of the unloading curve of the load 

and displacement is fitted through a simple power-law expression: 

 𝑃 = 𝛼(ℎ − ℎW)X	 (2.6) 

where a, hf and m are the fitting parameters. Applying these parameters at the maximum load, 

Pmax, provides the stiffness (S = dP/dh)Pmax of the tested material. The contact depth, hC, is then 

obtained by130: 

 ℎR = ℎXYZ − 𝛽
𝑃XYZ
𝑆 	 (2.7) 

where b is a dimensionless geometrical factor related to the indenter’s shape; for a Berkovich 

indenter equals 0.75.130 
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Figure 2-6. Schematic of nanoindentation test. a) Elastic-plastic deformation at the maximum applied 
load Pmax (top), after removing the indenter only plastic deformation remains (bottom); b) the 
correspondent load-displacement curve. 

The procedure also provides the means to determine the reduced elastic modulus, Er, which 

incorporates the elastic moduli of both the sample and the indenter as: 

 𝐸] =
𝑆√𝜋
2_𝐴a

	 (2.8) 

Er can be utilised to determine the elastic modulus of the examined material this way130: 

 
1
𝐸]
=
1 − 𝜐cA

𝐸c
+	
1 − 𝜐eA

𝐸e
 (2.9) 

where ns and Es are the Poisson’s ratio and the elastic modulus of the tested sample, and ni and 

Ei are the Poisson’s ratio and the elastic modulus of the indenter. 

When nanoindenting hard, brittle films with a sharp diamond indenter, such as Vickers, 

Knoop, Berkovich, or cube-corner, a crack often appears during the testing process. This 

occurrence has been utilised to assess fracture toughness by applying the data extracted from 

both the nanoindentation and imaging of the crack (Figure 2-7). Due to its simplicity, ease of 

sample preparation and expediency of experiments, this method has gained popularity. In light 

of these advantages, direct evaluation of fracture toughness by forming cracks with a sharp 
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diamond indenter can be viewed as an attractive alternative to more conventional procedures 

for fracture toughness measurements132,133. Owing to the acuteness of the Berkovich indenter, 

which can considerably decrease the cracking thresholds—namely the load at which 

discontinuity in load-displacement curve appears—Berkovich is frequently selected for 

testing134. The analysis model for calculating the indentation fracture toughness is chosen based 

on the pattern of fracture (for instance, radial, median, lateral, half-penny, or cone cracks)135. 

For long cracks with symmetric stress fields, the most common analysis model of fracture 

toughness is established on a long half-penny crack in the classic Lawn-Evans-Marshall (LEM) 

model132, as follows: 

 𝐾a = 𝛼f
𝐸
𝐻	 P

𝑃XYZ
𝑎h/A S	 

(2.10) 

where Kc is fracture toughness, α is a geometrical constant function of the indenter shape, E is 

the elastic modulus, H is the hardness, Pmax is the maximum indentation load and a is the crack 

length (the distance from the indentation centre to the crack tip). For the cube-corner indenter, 

α = 0.032, while for Berkovich and Vickers indenters, α = 0.016.135 The LEM model is based 

on the ability of indenter geometry and load and material properties to develop a half-penny 

crack system. Recent cohesive finite element studies135 on indentation cracking have revealed 

the strong dependency of α not only on indenter geometry but also on Poisson’s ratio and E/H 

ratio. An empirical evaluation of the pre-factor α is required to identify its value for a given 

material and improve the accuracy of the fracture toughness measurements. 

Indentation techniques have seldom been shown to provide accurate fracture toughness 

values136-138. Critical issues are associated with the presence of multiaxial stress field 

underneath the indenter, in particular when investigating thin films, as the contact size can 

approach the film thickness134,139. 
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Figure 2-7. Schematic of a Berkovich indenter showing cracks emanating from the indent corners with 
the variables that are used to calculate fracture toughness: contact size and crack length. 

Establishing a correlation between the estimated values and the actual fracture behaviour is 

complex, because such a correlation is the result of a convoluted interaction between the 

intrinsic fracture resistance and the existing complex stress field134. In the same manner, 

another issue has been raised when applying the Vickers indenter, which was reported to induce 

a multiple complex crack system138,140. In this case, having high residual stress in the material 

often leads to multiple cracks coupled with extensive breaking around the indentation138. This 

fracture phenomenon can impart discrepancy and uncertainty to the fracture toughness values. 

Altogether, these effects render the indentation technique more susceptible to different sources 

of error that can raise uncertainty in the measurement of fracture toughness. 

2.2.3.2 Pillar splitting 

Pillar splitting is a novel technique, recently proposed by Sebastiani et al.139, that can 

potentially overcome the complications associated with traditional nanoindentation testing by 

confining the tested material to the pillar size. Through limiting the aspect ratio, length-to-

diameter (l/d), of the pillar to be close to 1,139 the residual stress in the upper part of the pillar 

is almost fully relieved141. A long pillar can trigger buckling, invalidating the fracture test139,142. 

A sharp Berkovich tip is aligned at the top centre of the pillar via direct viewing in the SEM to 

indent and split the pillar142. Fracture toughness can be determined from a sudden load drop in 
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the load-displacement curve at the critical instability point, Pmax, at the onset of splitting139. The 

rapid load drop is accompanied by unstable crack growth142,143. 

If the indenter is driven far enough into the pillar, then multiple cracks propagate from the 

highly concentrated stress at the crack tip in the indenter facets to the outer walls of the pillar142 

(Figure 2-8). The pillar must withstand the radial growth of the crack that reaches and splits its 

edges to three equal sections to avoid a resemblance to traditional indentation tests139. The 

pillar-splitting approach is restricted to the Berkovich tip that is applied on isotropic, 

homogenous and linearly elastic materials139,142,143. Fracture toughness can be calculated as 

follows139: 

 𝐾a = 𝛾
𝑃XYZ
𝑅j.k 	 

(2.11) 

where Pmax is the maximum applied load, R is the pillar radius and γ is a dimensionless 

coefficient for diverse materials that can be approximated via finite element simulation of the 

cohesive zone model for a given E/H ratio. The γ coefficient is a function of the E/H ratio and 

independent of the pillar dimension143. Therefore, computation of the γ coefficient and the 

eventual fracture toughness requires prior knowledge of elastic modulus (E), hardness (H) and 

Poisson’s ration (υ) of the specimen as well as the friction coefficient (µ) for the contact 

between the indenter and the sample139. 

 

Figure 2-8. Schematic representation of the pillar splitting geometry. 

Pillar splitting retains the simplicity of conventional indentation tests and overcomes its 

downsides for fracture toughness measurement because its assessment is independent of the 
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crack length as deduced by its formulation142. This eliminates the need to image the crack to 

accurately measure its length. In addition, provided that pillar splitting proceeds from a 

localised, shallow depth in the upper portion of the pillar, substrate compliance is minimised139 

as is the influence of the residual stress on the toughness measurement143. 

Although pillar splitting has considerable advantages, it suffers from some limitations due 

to constraints imposed by the assumption of a finite simulation model to obtain the γ 

coefficient, such as the fact that the material has to be isotropic and homogenous141. This issue 

becomes apparent when investigating anisotropic materials, as the developed cracks are 

projected to extend in asymmetrical and uneven ways. A clear primary limitation to this 

technique is that the γ coefficient is unidentified and must be calibrated with numerical 

approaches as a function of the E/H ratio of a given material. Besides the dimensionless γ 

coefficient, the primary variables (fracture load and the pillar radius) used as inputs to derive 

KC only reflect fracture resistance up to and at the load drop point. A more comprehensive 

depiction of failure behaviour during pillar splitting should be incorporated into measurement. 

More consideration of the geometrical influences on fracture toughness, such as the taper angle 

or the crack length to pillar radius ratio, needs to be encompassed in fracture toughness 

calculation135. 

2.2.3.3 Single-cantilever bending 

The microcantilever is a broadly utilised system in microelectromechanical (MEMS) 

frameworks such as those involving chemical sensing and atomic force microscopy. Its 

adaptability and flexibility render it a popular tool for diverse applications. Single-cantilever 

bending geometry has been widely adopted at the small-scale testing level to gauge fracture 

toughness144-149. There are several shapes adapted for beams, such as pentagonal or 

trigonal150,151, with the most common geometry being a rectangular beam with a notch because 

of its simple analytical solution of KI152. A cantilever beam is a bar that is supported and fixed 
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at one end with the other end suspended freely (Figure 2-9). A chevron notch is added to the 

top or sides of the bar to work as a stress concentrator for crack initiation upon loading152. The 

free end of the beam is subjected to the acting vertical load to generate a certain degree of 

bending moment. 

A few variables influence the movement and response of the cantilever to an external load. 

For a simple case of a rectangular cantilever, the geometrical dimension of the beam is 

thickness, length and width77. Each individual variable has an effect on the cantilever’s 

movement and bending153. For instance, a given material with fixed cantilever dimensions 

(width and thickness) but with a short cantilever is stiffer than one with a long cantilever154. 

In the same manner, multiple components are involved in micro-testing; thus, certain limits 

have to be imposed on these components to ensure stable crack behaviour. The length to width 

(l/w) ratio of the beam should be more than 4, and the initial notch-to-beam width (a0/w) ratio 

should be limited to 0.05–0.45144,155. To reduce the contribution of shearing component during 

loading, the distance from the indenter tip placement to the notch is required to be at least four 

times the beam width155. Typically, a conical tip is utilised to drive the cantilever 

displacement144,156, and any inconsistency in the load-displacement curve through the testing 

is detected in real-time SEM imaging and correlated to the crack growth. As long as the crack 

path is straight, to fulfil mode I loading and LEFM, fracture toughness KIC is quantified by the 

following equation144: 

 𝐾@a =
𝑃XYZ𝑙
𝑏𝑤j.k 𝑓(

𝑎
𝑤) 

(2.12) 

 𝑓 p
𝑎
𝑤q = 1.46 + 24.36 p

𝑎
𝑤q − 47.21 p

𝑎
𝑤q

A
+ 75.18(

𝑎
𝑤)

h (2.13) 

where Pmax is the maximum applied load, l is the beam length, w is the beam width, b is the 

beam depth, a is the crack length and f(a/w) is the shape factor that is given by equation (2.13). 
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Figure 2-9. Schematic representation of the single cantilever bending geometry. 

The rectangular beam with notch-based geometry provides a means of testing diverse 

materials, boundaries and interfaces because this geometry can be fabricated at any site-specific 

location. Nonetheless, the inherent instability of the loading system during testing can lead to 

a catastrophic failure, hindering the extraction of the crack trajectories155. Such behaviour can 

be justified by the inevitable overloading of the cantilever155. That is, during the initial loading, 

a maximum shear manifests on the cantilever with respect to tensile load, and the ratio lessens 

as loading progresses155. As a result, the stress field in the crack front becomes non-uniform, 

and the initiation of the crack becomes subject to mixed-mode loading and only later transforms 

into pure mode I loading155. In addition, the loading location of the indenter on the single 

cantilever beam is not always fixed, because the contact point shifts with a large bending of 

the beam in the vertical direction; this, in turn, making the contact point a variable. 

2.2.3.4 Double-clamped beam 

Despite the popularity of the free-standing microcantilever bending approach for 

characterizing fracture behaviour, it produces unstable crack growth, particularly in brittle 

materials. Therefore, an alternative geometry based on the traditional three-point bending was 

suggested by Jaya et al.157, where instead of free double microbeam ends, a clamped one with 

a central notch was fabricated by FIB (Figure 2-10). 
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The ratio of the beam’s length to width (l/w) should range between 4 and 8, and the ratio of 

notch to width (a0/w) should range between 0.3 and 0.5.158 It is crucial for the validity of the 

test to adhere to these ratios to support a crack growth and avoid breaking the two clamped 

ends158. The indenter should be aligned across the maximum principal stress at the central notch 

tip to obtain mode I loading; however, minor indenter offset by up to 5% of the beam length 

can be endured159. The indenter shape in this approach is relatively blunt so it can avoid forming 

an impression or cracking the beams157. 

 

Figure 2-10. Schematic representation of the double-clamped microbeam geometry. 

The test proceeds with gradual load increases—load-controlled mode—with sufficient hold 

times in between to capture the crack extension157. The initial pop-in load in the recorded load-

displacement curve accounts for the crack initiation157. As the next loading cycle progresses 

with increasing load, the slope of the recorded curve is decreased157. This occurs as the crack 

extends beyond the critical a/w ratio by more than 0.5.158 Numerical simulations of extended 

finite element methods are performed to extract the value of fracture toughness of doubly 

clamped beams157. The KI exhibits sinusoidal behaviour as a function of a/w in comparison to 

most other tests where a rising behaviour with a/w is displayed158. 

Despite the limited stability of crack growth, the major disadvantage of this geometry is the 

absence of a straightforward analytical formulation for KI. Consequently, every test has to be 
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numerically simulated to derive the fracture toughness value. Another methodological 

limitation is the use of load-controlled mode, which may raise challenges for retaining a stable 

crack growth. Another main drawback of this method is the residual stresses generated in the 

ends of the clamped beams158, especially as they are attached to the rest of the sample. Residual 

stress has to be quantified independently, via methods such as x-ray diffraction160 or micro-

Raman161, to be encompassed within the numerical simulation. 

2.2.3.5 Double-cantilever beam compression 

The conventional double-cantilever beam (DCB) is one of the most commonly used 

geometries for characterizing the initiation and propagation of mode I fracture behaviour. The 

approach was first presented by Liu et al.162 to study the fracture resistance of CrN-based hard 

coatings at the micro scale. The DCB sample consists of two shoulders with uniform width (w), 

length (h) and thickness (l), separated by a notch (a0). Symmetry is imperative in this 

configuration as the two cantilevers are of equal width (2d), and beam dimensions should 

follow (h + a0) > 4w, as shown in Figure 2-11.  

The frequent testing configuration is based upon a large, flat punch compressing the top 

surface of the two cantilever heads162. Due to the presence of beams, the compressive loading 

by the flat punch from the top is translated into a bending moment as the applied force cannot 

act along the neutral axis of each of the beams so it shifts to the mid-plane of the DCB. 

Therefore, the surfaces of both the punch and the cantilever must make precise parallel contact 

to compress both the shoulders simultaneously. Misalignment prompts an unequal bending 

moment in the two cantilevers and hinders the acquisition of mode I fracture. Aligned 

compression drives deflection into the two beams and the opening of the crack162. The test is 

strictly valid for a straight crack path and inapplicable once the crack kinks away. Liu et al.162 

showed that the applied compressive loading can give rise to tensile opening (mode I) along 
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the DCB’s mid-plane if the conditions of beam dimensions are met. They proposed the 

following formulation of KIC162: 

 𝐾@a = √3
(𝑒 − 𝜇ℎ)
𝑏𝑑j.k 𝑃XYZ (2.14)	

where Pmax is the fracture load, e is the distance between the line of applied load and the neutral 

axis of the beam which is determined by e= (d - w)/2 and µ is the friction coefficient between 

the flat punch and the cantilevers. From the formulation, it can be noted that fracture toughness 

measurement is independent of crack length. 

 

Figure 2-11. Schematic representation of the compression-opening double-cantilever beam geometry. 

The DCB is an appropriate configuration to examine crack propagation and evaluate fracture 

toughness because the analytical solutions of beam theories are well established (as discussed 

later in chapter 5). This system can be implemented to test brittle materials where the 

orientation of the cleavage plane is well defined and can be aligned with the direction of the 

notch163. Limitations arise, however, as the crack grows in an unstable manner after the 

initiation phase. A possible explanation for this might be the use of the load-controlled mode. 

The release of the stored elastic energy during compression becomes spontaneous as the crack 

grows, causing instabilities and leading to a rising speed of extension to eventually cause a 
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catastrophic failure77. Furthermore, symmetric loading around the crack plane has a critical 

role in this configuration, and thus subtle differences in beam dimension due FIB machining 

can have an adverse effect164. Additional drawback of compression-opened DCB is the induced 

high friction between the flat punch and the top of the beams, which could cause uneven 

loadings164. A calibration process is necessary to accurately evaluate the friction coefficient 

between the tip and the sample. 

2.2.3.6 Limitations of micro-scale fracture toughness techniques  

Existing testing methods have offered some insight into microfracture mechanics behaviour; 

however, most of these configurations suffer from some shortcomings (Table 2-3). One of the 

limitations of these approaches is the use of a load-control mode to initiate the crack. The 

potential impact of this loading mode is that inherent crack instability arises as does the 

possibility of spontaneous release of the stored elastic energy during crack growth. 

Table 2-3. Comparison of available fracture toughness test geometries at the micrometre scale. 

 

The stability of crack growth is essential in materials with R-curve to capture the complete 

behaviour of fracture toughness instead of just a single value. Controlled crack growth offers a 

means of obtaining the entire resistance behaviour of materials with R-curve, as well as 
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following the crack trajectory to identify various toughening mechanisms. The condition of 

load control can result in an uncontrolled crack front that accelerates to a very high velocity 

and limiting the reliability of this small-scale measurement164. The onset of unstable crack 

growth occurs if the strain energy release rate per crack increment is larger than the fracture 

resistance per crack increment77. In that case, more energy is released per incremental length 

of the crack formation than can be absorbed by the advancing crack77. The excess energy is 

transformed into kinetic energy that accelerates crack speed, leaving insufficient energy at the 

crack front for growth at each crack arrest increment77,165. This is unlike the displacement 

control, where energy is supplied to the crack front at each incremental displacement of the 

wedge, sustaining stable crack growth77,165,166. Besides the loading mode, the stability criterion 

for crack propagation is also dependent on the sample geometry. 

Conforming to LEFM requirements to acquire a valid KI is generally restricted to the 

condition of having a sample dimension that is much larger than the size of the plastic zone77. 

The sample has to be adequately thick to satisfy a state of plane-strain conditions at the crack 

tip. A strict adherence to these requirements is essential to determine reliable fracture 

toughness. 

Hence, there is a need develop an alternative method for micro-scale assessment of fracture 

toughness to promote controlled crack growth in naturally heterogenous material like bone. An 

ion machined microbeam is one of the more practical geometries that enables the tracking of 

the failure behaviour in such material. Bending mode by wedge-opened DCB is also suggested 

for its certain advantages in micro-scale mechanical testing, namely, minimisation of the effect 

of friction between the indenter and the sample surface77,166. 
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2.3  Research Challenges 

The main focus of previous studies on bone mechanics has been to establish deformation its 

behaviour at macro- and micro level length scales. To our knowledge, there has been no 

research that has used direct measurements of fracture toughness at the sub-lamellar level (<5 

µm) of healthy and diseased bones, leaving the following questions still unanswered:  

1. What is the impact of anisotropy at the fibrillar level on the microfracture behaviour of 

bone tissue and the nanoscale toughening mechanisms? 

2. Do the molecular alterations to the NCPs associated with the collagen change the 

fibrillar orientation and packing? 

3. Does water alter the properties of the matrix surrounding the mineralized fibrils in bone 

by acting as a plasticiser? If so, how does this lead to changes in mechanical behaviour 

of bone at the micron level? 

4. What are the consequences of the combined aforementioned changes in terms of the 

mechanical integrity (elasticity and fracture resistance) at the micrometer level? And 

how do these changes reflect on the whole bone mechanics? 

Addressing these questions will shed light on the underlying determinants that govern bone 

quality and impart fracture resistance. Such advances in knowledge will greatly improve the 

treatments of ageing, osteoporosis, and other orthopaedic diseases, through the design of 

molecular- targeted therapies. However, addressing these issues will require the development 

of a new microfracture technique to evaluate fracture toughness in bone due to a paucity of 

available methodological approaches, which will be discussed in chapter 5. 
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2.4  Aims and Objectives 

The objective is to develop an in situ SEM micromechanical compression and double 

cantilever beam (DCB) testing techniques to measure the elastic modulus and fracture 

toughness, respectively, of mouse bone at length scales of a few micrometres. These 

techniques, in combination with transmission electron microscopy, are also used to assess both 

the anisotropic micromechanical behaviour of bone and how deficiencies in osteopontin protein 

that change collagen’s organisation relate to altered elasticity and toughness.  

 

Specific aims 

1. To investigate the microfracture response of the mineralized fibrillar network (less than 

5 µm) in bone using in situ DCB tests of fracture toughness and resolve how local 

anisotropic variations in fibril orientation change these properties. 

2. To examine the role of the non-collagenous matrix (i.e. OPN) in dictating the 

organisation and resistance to fracture in OPN knockout bones by measuring fracture 

toughness of these pathologic bone by in situ DCB microfracture testing. 

3. To assess the elasticity of the mineralized fibrillar network (less than 3 µm) in bone via 

in situ microcompression tests and assess the extent by which factors such as anisotropy 

and NCPs affect elastic properties. 

4. To image how the structure and organisation of bone is altered in OPN deficient bone 

tissue (i.e. the fibrillar organisation, orientation, and packing). 

5. To optimize experimental protocols for in situ ESEM testing of a microscale DCB in a 

fully hydrated condition.



 

Chapter 3. Materials, Instrumentation and 
Experimental Procedures 
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This chapter discusses the sample preparation, experimental techniques and approaches that 

have been conducted in this thesis, to assess the properties of bone at the micro- and nanoscales. 

The discussion includes a description of the techniques used and developed here. The chapter 

has four sections. The first section reviews the sample preparation methods. Next section 

described the characterisation techniques that are employed and their application in the current 

research. The final section described the in situ mechanical testing approach. 

3.1  Materials 

Mouse bone was utilised as an animal model. This model was used to gain an understanding 

of the mechanical and structural effects of different factors that contribute to the whole bone’s 

mechanics. 

3.1.1 Mouse in Biomedical Research 

The mouse has become the preferred model for biomedical trials over the past century167. 

Mice are cost-effective and proficient for research purpose. They are small, breed quickly, have 

a short lifespan, and they are relatively easy to handle.  

Mice make efficient research models because the their genetic and biological systems closely 

resemble those of humans, meaning that many genetic disorders in human diseases can be 

modelled effectively in mice167. Selected mouse genes can be altered or deactivated to produce 

offspring with a specific disease called ‘knockout mouse’167. Tracing new symptoms or 

conditions is fairly simple using these models, because knowledge about mice physiology, 

anatomy and genomes has been widely available from over a century of working with them. 

These combinations of traits provide a resourceful tool for understanding the mechanisms of 

disease. 
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The skeletal pathology of knockout mouse model is slightly different than that of human 

bone mainly because in mouse bone there is no osteons; instead, lamellae are organised around 

the circumference of the bone diaphysis167. 

In this thesis, mice bones were used as animal models, to assess the mechanical 

characteristics of bone at the micro- and nano-scales. A brief description of the models used is 

presented in the next section. 

3.1.1.1 Wild-type mouse 

Standard C57BL/6, wild-type (WT), mice have been extensively employed in research as 

standards. WT is the preferred strain for many in vivo animal experiments due to its stability to 

the development of genetic mutations167. Thereby, WT mouse bone is suitable as a control 

model for comparing the mechanical properties of different bone types. 

3.1.1.2 Osteopontin Knockout mouse 

The osteopontin Spp1tm1Blh (OPN-/-) model replicates the moderate to severe condition of 

osteopontin-deficiency in humans108. Osteopontin (OPN) is one of the non-collagenous 

proteins present in the mineralised bone matrix108 with multiple functions, as shown in Table 

2-2. Inhibition, or insufficient levels of osteopontin cause unregulated bone growth, and lead 

to reduced strength and toughness79. The mutant mouse model is an ideal candidate for studies 

on the implications of molecular defects on the organisation of the collagenous matrix the 

consequences of changes to collagen’s organisation on bone’s toughness. 

3.1.1.3 Sample Preparation 

Mice bones from the midshaft of the femur were selected as a source material due to their 

higher cortical thickness and length in comparison to other anatomical sites.  

The dehydrated samples were dissected and cleaned with DI water for five minutes, in order 

to remove the fatty tissue. Following this, slices of approximately 2 mm thickness were cut 
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using a diamond-coated saw (Isomet, Buehler, USA) in order to obtain sections parallel to the 

long bone axis that correspond to the longitudinal orientation (Figure 3-1). In order to acquire 

the respective sections of the transverse orientation, the aforementioned longitudinal slices 

were orthogonally oriented and cut to obtain slices perpendicular to the long bone axis (Figure 

3-1). 

 

Figure 3-1. Preparation procedure for bone sample 

Next, the sample surface was ground with SiC paper and polished with diamond compound 

from 3 µm down to 0.25 µm to smooth out the surface; then the surface impurities were washed 

out by DI water. Next, the polished bone sections were attached to a stub pin using silver 

conductive paste. 

Due to the fragile nature of OPN bone, an additional step was added before carrying out this 

procedure, which involved embedding the fresh femoral bone in a resin without infiltration, to 

preserve the tissue in its natural state. 

3.2  Multi-Scale Characterisation Techniques 

Different characterisation techniques and micro-fabrication approaches were employed 

throughout this thesis to probe the multi-scale levels of bone’s structure, which will be 

discussed in this section. 
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3.2.1 Dry-Mode Imaging: Scanning Electron Microscopy 

(SEM) 

The diversity of imaging modes makes SEM a versatile tool for characterising the surface 

topography of conductive materials at both the micro- and nano-scale. Its uses have also been 

extended to study ceramics and biological materials. From a tungsten filament, an electron 

beam is generated and attracted to an anode. In the column, the beam passes through the 

aperture that controls the final convergence angle of the electron beam onto the sample168. The 

objective lens focuses the illumination of the beam on the sample at different working distances 

(distance between the lower objective lens and the point of focus on the sample)168. The 

interaction of the beam with the specimen produces different types of signals, as depicted in 

Figure 3-2, which are collected by the Everhart-Thornley detector. Thereby, SEM can operate 

in different modes and can offer a diverse range of information168. 

When a beam scans the surface, the topmost layer of the sample interacts with the e-beam, 

and process of inelastic scattering emits secondary electrons (SEs), which have a low energy 

of <50 eV168. Due to their low energy, SEs are emitted within a few nanometres from the 

sample surface. This imaging mode provides a high-resolution image with topographical 

information168. In contrast, backscattered electrons (BSE) are highly energetic (10–20 KeV) 

electrons that emerge from elastic scattering, caused by interactions between the sample and 

the incident e-beam168. BSEs are generated from deeper volumes within the sample and, thus, 

the resolution of their image is less in comparison to the SE one168. However, since the intensity  
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Figure 3-2. The incoming electron beam and the sample interaction volumes; which generate different 
types of signals. 

of the BSE signal is a function of elemental composition, i.e. the atomic number and density 

of the material, then BSE, along with the spectra created from the characteristic X-rays, are 

often used to provide quantitative information about the distribution of different elements 

present in the sample. Given that larger atoms (high atomic number) scatter electrons more 

strongly than light atoms (low atomic number), they therefore create a higher signal and appear 

brighter in the image. Thus, BSE is more suitable for detecting contrast between different 

phases in the sample, which is difficult to gain in SE mode168. 

SE imaging mode was carried out in this study to image dry bone samples prior, during, and 

post in situ mechanical tests. Various SEM microscopes were used in this work (the Zeiss 

Sigma 300, Zeiss Leo-Gemini 1525, JEOL 5610LV, FEI Quanta 650 FEG-SEM, and the FEI 

Helios NanoLab 600 Dual SEM-FIB). To avoid beam charging issues, the samples were coated 

with about 20-30 nm layer of carbon. Given that conventional SEM requires that the sample is 

imaged under high vacuum, the bone sample must be dry. To study the role of water in the 

mechanical properties, the bone tissue has to be studied in a hydrated state. Consequently, 

environmental scanning electron microscopy (ESEM) was also employed here. ESEM adopts 
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the same basic working principles as SEM, but is dedicated to imaging moistened and non-

conductive biomaterials in their native states,168 as discussed in further detail in the next 

section. 

3.2.2 Wet-Mode Imaging: Environmental Scanning 

Electron Microscopy (ESEM) 

Modern SEMs can be operated at three different modes: high vacuum, low vacuum and 

ESEM. High vacuum (nominally around 10-3 Pa)168 is the basic operation mode in traditional 

SEM, which is conducted to image dry conductive samples. As bone is inherently an electrical 

insulating material, negative charges can quickly accumulate on the surface. These 

complications can be surmounted by applying either low vacuum or ESEM modes. The low 

vacuum mode permits imaging of dry insulating samples without coating by including partial 

pressure of gas in the chamber (10 – 140 Pa). This modification can prevent charge build-ups 

and can enhance the signal of SE by the cascade amplification produced by the interaction of 

the vapour molecules168.   

The ESEM mode, is utilised for imaging wet non-conductive samples without coating or 

drying them out. This is accomplished by using differential pumping in the chamber and 

gaseous secondary electron detection (GSED). The ESEM column has upper and lower zones 

with different vacuums168. The upper parts of the column, where the filaments are located, are 

held at high vacuum, whereas the lower parts, including the sample chamber, are kept at a 

lower vacuum. Through mounting a pole-pinhole insert of pressure limiting apertures (PLAs), 

a sufficiently small electron beam is allowed to pass through the varied pressure zones. Because 

of this low vacuum status, the mean free paths of electrons extend to several millimetres, which 

enables the inclusion of vapour without significantly impacting imaging168. The other principle 

that is employed for detecting sufficient SE signals is gaseous amplification. 
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The basic working concept of ESEM, as shown in Figure 3-3, is when the highly energetic 

primary electron beam bypasses the cloud of water vapour with little scattering to scan the 

sample surface and SEs escape from the surface169. These SEs collide with vapour molecules 

in their path, producing more SEs that consecutively interact with adjacent vapour molecules 

and yield more SEs, thereby generating a cascade that can amplify the original SE signal from 

the sample by a factor of 103.168 These negatively charged SEs are attracted and collected by a 

300–600 Volt positive biased electrode on GSED169. Besides functioning as a cascade 

amplifier, the vapour molecules work to neutralise the accumulated negative charges on the 

surface by drifting the positively charged vapour ions towards the sample as a result of the 

positive bias on GSED, thus eliminating the need for coating with a conductive layer169. The 

efficacy of amplification depends on applying the appropriate combinations of vapour pressure, 

accelerating voltage, spot size, detector type, and working distance169. 

 

Figure 3-3. Schematic representation of the ESEM system and the gaseous amplification process 
occurring inside the chamber.  

Loss of water in the ESEM over time or during the pump-down cycle can be intuitively 

understood. However, preserving the moist state of the sample in ESEM is crucial to retaining 

its wetness. As the environmental condition is a function of temperature and chamber 

pressure169, finding the equilibrium condition against moisture loss, or gain, over time is the 

key to this issue. This requires consideration of the saturated vapour phase diagram to control 
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relative humidity (RH) in the chamber. According to Figure 3-4, a vapour pressure of ~ 800 Pa, 

provides 100% RH if the sample temperature is held at 4˚C. Cooling down the sample 

temperature can be facilitated by the Peltier cooling stage169. This process uses a thermoelectric 

module that incorporates two electrodes separated by a semiconductor, when a voltage is 

applied a temperature gradient is generated, i.e. the Peltier effect170. The controllable stage 

temperature in conjunction with the chamber pressure both preserve moisture in the sample 

and allow wetting experiments to be conducted. ESEM mode equipped with a house-made 

Peltier stage was utilised inside a FEG-SEM (FEI Quanta 650 FEG-SEM) in this study for 

imaging in situ mechanical tests of the hydrated bone samples. 

 

Figure 3-4. Relative humidity isobar chart used for the ESEM imaging mode. At 4˚C and a vapour 
pressure of ~ 800 Pa, a 100% RH can be obtained. With permission from171 

 

3.2.3 Fabrication: Dual Focused Ion Beam 

A Focused Ion Beam (FIB) is an important instrument for understanding the structure of a 

material on a micro- and nano-scale due because it is possible to fabricate features of interest. 

These advantages have been carried into the fields of biology and material science. The 

Gallium (Ga+) ion beam column in the FIB system allows for imaging, chemical vapour 
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deposition, and milling – by sputtering away material from the sample168. The categories of 

FIB application include imaging, TEM specimen preparation, micro-deposition and micro-

machining, creating, for example, micropillars for mechanical testing47. Combining the precise 

machining capabilities of the FIB with the higher resolution and less destructive SEM system 

has led to a dual-beam system, which is much more versatile. 

FIB operation is similar in essence to SEM, as both instruments use a focused beam to 

generate an image of sample: A beam of gallium ions creating an image for FIB and an electron 

beam image for SEM172. An image is created with features that can be related to the intensity 

of the SEs emitted at each pixel rastered172. However, they differ mainly with respect to the 

beam source. In fact, for milling purposes, ions have several advantages over electrons because 

the ions have a larger atomic radii (~1 Å compare to electron counterpart of ~0.3 Å), leading 

to a higher interaction probability with the sample material172. 

In general, ion beams produced by a liquid metal ion source (LMIS) use a single metal or 

alloy, as it yields a highly focused beam, if combined with the proper optics168. Although there 

are various types of LMIS, the most extensively utilised one is gallium. Gallium offers several 

advantages in comparison to other LMIS metal sources: among these advantages are a low 

melting point (30°C), a low vapour pressure, and the capability to be focused to a small probe 

size (< 10 nm in diameter)172. The low melting point supplies a liquid Ga state at room 

temperature, while the low vapour pressure lessens evaporation to negligible levels172. 

The process for creating the ion beam is analogous to electrospraying, in that the molten 

liquid Ga covers and wets a W tip to emit and spray ions (Figure 3-5)172. This happens as a 

result of a strong electric field at the apex in the tip168,172. In this field, metal atoms become 

ionised and escape out of the trench168,172. The generated ions are accelerated with an energy 

of 5–50 kV down the column, passing electrostatic lenses to supply a FIB (less than 50 nm at 

few pA currents) on the sample, with a high current density168,172. The energy spread of the 
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emitted ions is large (5–15 eV), which may lead to optics aberrations in the ion system that 

linearly correlate with the current density172. 

 

Figure 3-5. Schematic illustration of a liquid metal ion source (LMIS). 

In the FIB system, the ion and electron beams do crossover at a conical angle, as illustrated 

in Figure 3-6. The working distance is determined by correctly focusing the electron image 

through the correcting lens for aberrations such as astigmatism. Then, the sample is tilting to 

52°, so that it is perpendicular to the ion column and its height is adjusted in order to achieve a 

eucentric height that aids in obtaining a similar view of both the electron and ion beams. When 

the beam energy (adjusted per application) is applied, primary Ga+ ions are accelerated down 

the column of the ion beam down the sample surface to locally sputter material172. This 

interaction with the substrate yields SEs, sputtered ions and atoms, and the implantation of Ga 

in the sample that depends on the applied energy168. As the surface is being scanned by the ion 

beam, the signal from the SEs are collected by the detector to form an ion image168. 
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Figure 3-6. Schematic of dual-FIB-SEM instrument. 

Despite the prominent advances of FIB, to the best of our knowledge it has only been used 

in very few recent studies26,47,48 as a fabrication tool to produce micropillars of bone. This is 

most probably due to challenges presented by using FIB to aid in the analysis of biological and 

soft specimens47. Since these materials are naturally non-conductive, specimen charging 

becomes an issue. This effect is a consequence of the negative charging produced by an electron 

beam (leading to beam deflection, which may affect resolution or astigmatism), as well as 

positive charging generated by an ion beam (which may cause ‘surface melting’ due to 

incidental Ga+ ions)173. This overcharging can be minimised by coating the surface with a 

conductive layer such as carbon, as well as through the use of low-beam currents with 

optimized milling procedures. An FEI Helios NanoLab 600 dual focused ion beam-scanning 

electron microscope (FIB-SEM) with a Ga+ ion source was employed for all the FIB work in 

this project. 

Because of the fabrication protocol of the micropillars by FIB under vacuum condition, 

samples had to be dried before machining, which may affect the structural and mechanical 
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properties of bone tissue. From a macroscopic point of view, it has been extensively reported 

that dehydration reduces toughness89,92,174. Microscopically, however, the effect of 

drying/rehydrating is not clear. One might speculated that the loss of water in pores and the 

organic phase cause the collagen fibrils to stiffen and contract axially, compressing the mineral 

phase and thus potentially increasing strength and stiffness but decreasing bone toughness at 

the microscale84,175,176. 

3.2.3.1 Fabrication of Microscale Features 

Among all the diverse applications of FIB, fabrication necessitates a high level of control 

over the ion beam. The process of fabricating finely detailed features over a large area can 

require hours or even days to be completed. This requires a stable beam current and a 

refinement of beam size and alignment along with other parameters. The milling strategy in 

the current work took into account different factors impacting the machining resolution to 

produce high-aspect features, each is described in the following paragraphs followed by the 

experimental conditions used in current work. 

A focused Ga+ beam has a typical operating voltage of 30 kV, but can vary from 1–50 kV. 

For a very refined beam, the beam’s spot size (diameter) and the correspondent current can be 

as fine as approximately 5 nm and 1 pA, respectively168.  At the other extreme, the current can 

reach up to 100 nA with a spot size greater than 500 nm168. Usually, for patterning, beam 

currents ranging from 1 pA to 10 nA are commonly utilised, as they supply the required 

resolution. 

Overall, the milling resolution is inversely proportional to the beam diameter172. The 

diameter of the beam is mainly determined by its current, with smaller currents producing finer 

beams172,177, when coupled with tuning and focusing of the beam, to enhance the resolution of 

sample fabrication. However, machining with only small currents can be extremely time-



    
 

 86 

                                Materials, Instrumentation and Experimental Procedures       3     

consuming. While higher beam currents offer rapid milling, their fabrication precision can be 

compromised (Figure 3-7). 

 

Figure 3-7. SEM image for a pillar of WT bone sample machined with 9 nA current, showing that 
milling with high currents, and no refinement of the process, leads to complete loss of the fabrication 
precision.  

When the beam bombards the surface, one of the interactions of Ga+ ions with the target 

material results in particles being sputtered off the material with finite kinetic energies172. Thus, 

they have capability to go through secondary interactions with targets situated in their path. 

Dependent on the collision energy and the sticking coefficient (the ratio of the number of 

adsorbate atoms number to the impinged atoms number during the same period of time) of the 

milled material, the sputtered particles can be redeposited on the surface172. A redeposition 

artefact is also induced by other factors that play detrimental roles in augmenting it, such as 

the sample geometry milled and the sputtering yield (the average number of atoms sputtered 

per incident ion)172,177. 

Regarding the geometry effect, when the milling of a trench progresses, its aspect ratio 

increases. This occurs when the sputtered particles become confined and have less probability 

of escaping out of the trench, which produces a less steep sidewall (Figure 3-8)177. Redeposition 

can worsen with high currents, giving a less defined sidewall with a curvature-like shape at the 

base of the milled feature172. 
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Figure 3-8. Schematic representation of the redeposition process. Showing redeposition, a) while ion 
beam is scanning the sample to mill it, and b) when milling a pillar (a high-aspect ratio feature).  In 
case b as the sidewall become steeper, the sputtered atoms have less possibility of escaping out of the 
trench. 

Optimising the scanning techniques of the beam can also reduce the redeposition artefacts. 

Firstly, given that area that is scanned and milled first has more redeposited particle build-

up172, changing the scan mode so that it commences from the outer to the inner centre of the 

pattern can lessen this effect. Secondly, the sputtering yield can be altered by changing the ion 

dose and dwell time172,177. The ion dose, referred to the ions per unit area, is normally 

fractionated into multiple parts that are supplied in different time intervals172. These intervals 

are set by the dwell time that denotes a predetermined time that represents the duration that an 

ion beam spends at a singular scanned point (pixel point) before moving to the next point172,177. 

However, when shifting to the next pixel, the beam profile should be taken into consideration. 

The beam profile is a characteristic of the ion beam that is defined as the variation of the beam 

intensity over its diameter172,177. The beam has a Gaussian profile with peak intensity (max 

brightness) at the centre, becoming less intense in the tails (Figure 3-9a). For high machining 

precision, the tails should be thin and have as small a distribution as possible178. Large tails can 

mill substantial amounts of the material outside the beam diameter, with a long dwell time178. 
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Taken together, to fabricate high-aspect ratio features and minimise redeposition the number 

of scans should be large, with short dwell times and overlapping pixel distances between dwell 

points, in order to mill away the redeposited material by subsequent milling steps. 

 

Figure 3-9. Schematic illustration of: a) Gaussian profile of the focused ion beam, b) Gallium ion 
beam diameter with 50% overlap of the pixel spacing during milling. 

As the milling progresses with a series of cuts around the micropillar, sidewalls are milled 

at different rates, because of variations in the incident angles between the ion beam and the 

surface (Figure 3-10a)177. This phenomenon is called tapering and gets worse as milling 

continues. It has been suggested172,177 that the sputter yield is correlated with the grazing angle 

of the ion beam, gaining the maximum yield at 60–80° for different materials at 30 kV (Figure 

3-10b). 
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Figure 3-10. Schematic showing the angular dependence of ion milling: a) Sidewall milled at different 
sputtering rates due to different incident angles; b) The sputtering yield increases as a function of the 
grazing angle of ion beam for 30 kV, reaches maximum yield at a range of 60–80° for different 
materials, adapted and reproduced from172. 

Milling bone micropillars 

The milling process for all microscale pillars was performed on the bone samples with an 

ion beam oriented perpendicular to the sample, under vacuum conditions in a multi-step 

process dependent on the designated shape and dimension of the pillars. The finely focused ion 

beam was directed towards the area of interest in the target sample with a predefined pattern 

designed with NanoBuilder software, to facilitate the execution of micropillars. This was 

accomplished through continual recognition throughout the milling process of a fiducial mark 

placed adjacent to the pillar to lessen beam drifting triggered by current changes. The milling 

parameters (such as currents, dwell times, scan sequence, etc.) discussed above were 

implemented into the patterns. 

For the fabrication of microcompression pillars, the milling started with a current of 2.8 nA 

for the broad milling of a predefined large trench, ∼25 μm in cross-section, to avoid contact 

between the indenter tip and the surface during the compression test. This was followed by 

intermediate milling steps at 1 nA and 0.5 nA with reduced dimensions of the square-annulus 
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trenches, to minimise redeposition and the amount of Ga+ ions implanted into the surface of 

the final pillar and to obtain a better-defined shape. Next, a current of 0.1 nA was employed 

for fine milling. To reduce the resultant taper angle that is usually associated with the annular 

milling methodology employed here, the stage was inclined by ± 2° with respect to the FIB 

column, and a 0.05 nA milling current was employed to reduce tapering. This resulted in the 

final square micropillar depicted in Figure 3-11, with cross-sectional side dimensions of 3 ± 0.1 

μm (rt), 8.4 ± 0.2 μm in height (h), and with 3.1 ± 0.4° angular taper (q). The obtained aspect 

ratio (cross-section to height ratio) was considerably shorter, in the range of 1:2–1:3, to 

suppress buckling of the pillars during compression. A dual-beam system allows for the 

acquisition of SEM images at any time. Under these conditions, no FIB damage was observed 

throughout the process for bone samples. 

 

Figure 3-11. Schematic of FIB machining steps used to fabricate the longitudinal and transverse 
compression pillars; the strikes schematically depict the fibrils’ direction, showing a representation of 
the final compression pillar geometry after FIB fabrication.  The inset shows the corresponding SEM 
image of a machined pillar. 

 Regarding the machining of the microscale DCB pillars for the fracture test, the selected 

regions chosen for pillar milling were close to those of the microcompression pillars in the 
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same bone specimen, to attempt to reduce site specific variations in structure of the bone in 

different regions of the tissue. A near-analogous milling procedure was adopted to machine the 

DCB pillars. The FIB was operated at 30 kV with current at 2.8 nA for coarse milling that was 

gradually reduced to 1 nA, 0.5 nA and 0.1 nA to polish the sidewalls. Subsequently, the stage 

was tilted by ± 2˚ and a current of 0.05 nA was employed to reduce tapering angle. Next, a 

trench was milled in the top of the resulting rectangular shape by using a current of 0.05 nA. 

The dimensions for the final DCBs are denoted in as follows: 12–15 µm for the length (l), 4 µm 

for the width (2d), 6 µm for the thickness (t), 1.5 µm for the trench width (e) and 1 µm for the 

trench height (f). A series of micropillars were milled on the compact cortical bone, as shown 

in Figure 3-13. 

 

Figure 3-12. Schematic of FIB machining steps of the longitudinal and transversal DCB pillars. The 
stripes schematically depict the fibrils’ direction, showing a representation of the final DCB geometry 
after FIB fabrication and a corresponding SEM image of it in the inset. 
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3.2.3.2 FIB-TEM Sample Preparation by In Situ Lift-Out 

Technique 

FIB milling was also utilised to prepare TEM lamella from selected regions in the deformed 

pillars of bone, as shown in Figure 3-14. Following the mechanical testing, the pillar was 

moved into the FIB and the deformed area was brought to the coincidence point (the ion beam 

and electron beam are focused at the same area). A 10 µm platinum layer was deposited on top 

of the deformed pillar using the electron beam to protect the surface from gallium damage. 

Next, a 2 µm platinum layer was deposited on top of the pillar using an ion beam to maintain 

the fracture. At 30 kV with a 0.3 nA current, two trapezoid trenches around the selected area 

were milled leaving a 2 µm lamella. Subsequently, a manipulator probe (OmniProbe) was 

inserted into the chamber and soldered to the lamella with platinum to lift-out the lamella. The 

extracted lamella was later welded to the TEM grid using 1 µm of platinum and was released 

from the manipulator tip. Next, the lamella was brought to the coincidence point to thin it in 

successive steps to ~ 0.7 µm thickness at 16 kV, 0.1 nA current and tilted by ± 3-5˚ to obtain a 

 

Figure 3-13. SEM image of a series of micropillars milled on a compact mouse bone sample. 
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wedge shape, with a slenderer base, to decrease redeposition and keep the protection layer 

intact. As the thinning progressed, the tilt angle was gradually reduced, in order to make both 

sides of the lamella parallel. The thinning continued using the following steps: 8 kV and 62 pA 

at ± 2-2.5˚ down to a 0.2 µm thickness, 5 kV and 47 pA at ± 1-1.5˚ down to about 0.15 µm 

thickness, and 2 kV and 21 pA at ± 7˚ for a final polishing and cleaning of the lamella. 

 

Figure 3-14. TEM lamella workflow used to prepare a fractured DCB pillar using an in situ lift-out 
procedure in the FIB-SEM 

3.2.3.3 FIB-Induced Damage 

The impact of ions bombarding the sample surface not only leads to sputtering of material, 

but may also initiate a substantial interaction of ions with the solid depending on the ion’s 

kinetic energy, angle, current and density of target material172.  Interactions occur when 

particles of the targeted material are knocked out by momentum transfer from the energetic 

bombarding ions (Figure 3-15). It also occurs when the kinetic energy of the incident ions has 

sufficiently high energy to transfer it to the target particles to eject them172,177. 

The magnitude of the collisions between the incoming ions and the targeted material are 

significantly correlated to the ion beam current172,177. At high ion energies, the extent of the 
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collision cascade events extends deeper into the material172. More layers and particles become 

ejected out of the sample, so that impingement and implantation of ions penetrates deeper 

into the material. Thus, Ga implantation into the sample may occur, leading to the formation 

of a Ga-containing phase in the surface layer172. 

 

Figure 3-15. Interaction of energetic Ga ion beam with the sample. The interaction by a cascade of 
events leads to the sputtering of atoms from the sample, Ga ions and secondary electrons. As the 
incident angle of the incoming Ga ions becomes normal to the sample surface, the probability of 
implanting Ga ions becomes higher. 

In general, the sputter yield increases linearly with the incident angle and reaches the 

maximum yield at 60–80° for different materials at 30 kV (Figure 3-10b)172,177. Increasing the 

glancing angle from the normal to solid surface significantly raises the probability of the target 

particles becoming ejected from the surface via cascade events, ultimately leading to high 

levels of sputtering. 

TEM inspections of bone samples milled at 30 kV have previously indicated that the local 

damage caused by the Ga ions had only penetrated to a depth of ~25–50 nm into the milled 

sidewalls50,179. The small size of the formed ion layer that may extend several tens of 

nanometres into the material is negligible, in comparison with the dimensions of the fabricated 

pillars that are several micrometres in size. A practical approach to mitigating ion implantation 

-employed in this work - was to use operating voltages as low as 1–5 kV at high glancing angles 

for the final thinning steps. 



    
 

 95 

                                Materials, Instrumentation and Experimental Procedures       3     

3.2.4 Xenon Plasma Focused Ion Beam 

There is a need for a tool with the capacity to efficiently mill larger volume sections, 

accompanied by the site-selectivity ability of FIB. The rapid excavation of millimetre-sized 

volumes offered by laser techniques is promising for investigating bulk sizes. However, a laser 

can introduce significant surface damage which necessitates additional polishing steps by FIB 

before examining the microstructure180. Another promising tool is Xe plasma FIB, which 

stands out as an effective means for micro-machining in an ultra-fast manner, when milling 

materials of a few hundred microns in size is involved181. Lately, plasma FIB has been 

integrated with SEM (PFIB-SEM microscope) to enhance its capability in many applications. 

However, even though research has illuminated its potential uses, only a very few studies to 

date have employed it181-183. 

In the xenon plasma FIB column, a magnetically-inductively coupled plasma (ICP) column 

generates a Xe ion beam with an angular intensity three orders of magnitude greater than a 

FIB-based LMIS, making it an ideal choice for high current milling183. PFIB provides an 

enriched performance compared to Ga-FIB, even when both instruments operate using 

relatively similar focusing optics configuration. The advantage offered by PFIB can be 

explained by the fact that the LMIS source of Ga-FIB has a high angular spread, the size of the 

focused PFIB spot is substantially larger than the beam spot attainable by a point-like FIB 

source181. That is, at higher currents (> 5 nA), the spot size of the beam becomes considerably 

bigger, as it is regulated by spherical aberrations. In contrast to the collimated characteristics 

of the Xe-ICP beam that can circumvent the limitation of spherical aberration, without 

compromising the beams’ focus, making it an superior technique for rapid high current 

machining183. 

An additional advantage of using a Xe beam rather than Ga is the higher sputter rates by up 

to 30% of the same current182. Altogether, it is possible to attain up to 60 times more accelerated 
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fabrication rates with Xe-FIB compared to Ga in order to efficiently mill large volumes of 

material183. 

In light of this, the Xe-PFIB microscope has been employed in the current work to provide 

a large cross-section view (tens of microns) of bone tissue. The ability of this tool to 

simultaneously access and image the meso- and microscale of bone material has been utilised 

to unveil, simultaneously, for the first time, the characteristics of the bundles of collagen fibres 

and collagen fibrils, respectively, across different length scales. 

3.2.5  Structural Analysis: Transmission Electron 

Microscope 

A transmission electron microscope (TEM) is one of the most practical tools for gaining 

direct insights into the structure, shape and size of bone’s nano-constituents, with ultra-high 

resolutions of less than 1 nm184. The most common analytical tools employed in previous 

studies to examine the structure of biomaterials are XRD185, SAXS186 and TEM173. In XRD, 

the scattering arises from crystals to generate Bragg peaks as a function of the scattering 

angle184. There are certain drawbacks associated with the use of the XRD method, based on 

analysing the width of the signature diffraction peak of hydroxyapatite at a (002) plane to define 

the dimension of the crystal: size, length or width184. The reason for this uncertainty result from 

can be explained imperfection in the crystals and nanosize defects, which will interfere with 

the Bragg peak, broadening it significantly185. Another drawback of XRD is its long acquisition 

time required to obtain sufficient data and its unreliability for conducting measurements at the 

micrometer scale, due to its large beam size184. High energy SAXS is based on collecting data 

from millions of electrons elastically scattering of monochromatic x-rays by the organic matrix 

of the 3–200 µm section on small scattering angles184. It determines the periodicity and 

predominant orientation of collagen fibrils; relative changes in the d-spacing during external 
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loading is associated with nanoscale deformation of collagen in bone35. However, there are 

certain drawbacks related with using this method, the measurements are taken from large 

volume of tissue with no spatial resolution and are given as an average value186.  

TEM paves the way to better understand of the shape, orientation and size of the mineral 

crystals, as well as providing information about the organisation and structure of the 

mineralised collagen fibrils in bone tissues at the nano-scale. TEM investigations typically 

characterise nano-structural features within a thin bone section of < 100 nm thickness184. The 

TEM lamella is prepared by thinning a sample cross-section using either ultra-microtome or 

dual-FIB. The advantages of using the latter are that it is rapid as there is no need for 

embedding, there is more control in terms of selecting the area to be investigated and less 

mechanical damage to the tissue173, as discussed in section 3.2.3.2. Avoidance of mechanical 

damage to the sample in the FIB is beneficial, as a TEM cross-section of the fractured pillar 

can be obtained and transferred into the TEM to relate deformation mechanisms to the local 

tissue’s ultrastructure. 

In TEM, the electrons generated from the electron source pass through electrostatic lenses 

and are focused on an ultra-thin section of the sample. The high energy electrons interact with 

the heterogenic features of the specimen, and are directly transmitted through the sample (a 

direct beam), elastically deflected (a diffracted beam) or inelastically scattered184, as shown in 

Figure 3-16. The imaging mode is dependent on the choice of aperture; if the directly 

transmitted electrons are collected by the camera, a focused and magnified image is acquired, 

which is known as a bright-field (BF) image184. In a BF image regions with higher atomic 

numbers appear darker184. In contrast, a dark-field (DF) image is obtained by blocking the 

direct beam using an aperture, where crystals with heavier atomic numbers appear lighter184. 

This imaging mode is particularly useful for generating information about the crystal size, 

defects and packing patterns, but it is commonly used to localise crystals. By applying a larger 
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aperture, both the directed and diffracted beams are allowed to interfere to obtain a phase 

contrast high-resolution TEM (HRTEM) image. 

Selected area diffraction (SAED) involves illuminating a selected region of the sample with 

a broad parallel electron beam created by using an aperture that is inserted into the image 

plane184. As the highly energetic electrons behave as waves, so the periodic spacing in the 

crystal lattice serves as a grating for diffraction of the incoming electrons, while the remaining 

electrons transmit through the sample without scattering184. This diffracted pattern is a 

reflection of the reciprocal lattice, which is represented as an image on the TEM screen184. An 

SAED pattern is a unique characteristic of the crystal, given that each pattern observed arises 

from a satisfied Bragg reflection condition of the sample’s crystal lattice184. The electron 

diffraction pattern depends on the crystallinity of the material184, for example: a spot pattern is 

by a single crystal, in which the crystal structure, crystal orientation and lattice constants can 

be acquired184. Also, a pattern of rings can be formed by a polycrystalline material, generated 

by the overlapping of single crystal patterns, in which crystal structure, orientation and lattice 

constants can be obtained184. In the case of bone, this diffraction pattern reflects the c-axes of 

the hydroxyapatite crystals that are in parallel alignment with the mineralised collagen fibrils 

in bone tissue173. Lastly, a pattern of distorted rings is formed by an amorphous material184.  
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Figure 3-16. Schematic of electron interactions with sample in a TEM. 

In the current work, JEOL 2100 F and Plus TEMs at operating voltage of 200kV were used 

to image the bone structure. SAED mode was used in this study to analyse the crystallographic 

nature and orientation of the mineral phase. TEMs were operated at 200 kV to image under BF 

mode the TEM section. SAED was also performed to analyse the crystallographic nature and 

orientation of collagen fibrils. SAED patterns were acquired with an aperture size of 200 nm, 

a small spot size and spread beam to enhance contrast. SAED patterns were indexed to 

crystalline hydroxyapatite according to JCPDS 9–432. The diffraction pattern reflects the c-

axes of the hydroxyapatite crystals in parallel alignment with the fibrils. 

3.3  Mechanical Testing 

Both mechanical tests were performed in a FEG-SEM (FEI Quanta 650 FEG-SEM) using an 

in situ nanoindenter (Alemnis AG) equipped with a diamond tip. An in situ approach is 

particularly advantageous in this study, as it facilitates continuous imaging of tissue 

deformation during tests. Imaging was conducted with a SE detector at 2 kV and a 9–11 mm 

working distance. For positioning, the indenter system is equipped with an X–Y stage in the 
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lower platen, to align the pillar with the indenter tip (Figure 3-17). An additional motorised 

rotary stage was incorporated on the lower platen to allow precise angular positioning. The 

distance between the pillar surface and the indenter tip is controlled with a motorised Z-axis 

while the displacement itself is accomplished and recorded with a piezo actuator with a 

nanometre resolution. Upon loading the pillar, the applied force is simultaneously quantified 

with a built-in load-cell force sensor. Mechanical tests were carried out under displacement 

control mode at a nominal constant displacement rate of 2 nm s-1 to monitor the induced 

deformation behaviour. A video was continuously recorded during the experiment along with 

the force-displacement data. After the in situ experiments, an SEM micrograph of each pillar 

was taken to gain a qualitative understanding of their deformation behaviour. Exact 

measurements of each pillar’s dimension were acquired in situ in order to analyse the raw data. 

The sample was mounted on top of the lower platen in inclinable mechanical stage holder; the 

stage was elevated conveniently to enable visualisation of the sample by the electron beam 

during testing. Surface visualisation was tangentially-tilted to the electron beam, therefore, all 

the measurements taken from the test videos were corrected for the isometric projection. 

Even though both tests of microcompression and fracture have a similar configurational 

mechanical setup, they differ in terms of execution, as illustrated in Figure 3-18. Micropillars 

were uniaxially compressed in situ by a flat diamond punch of 10 μm in nominal diameter 

(Synton), Figure 3-18a. All micropillars were loaded to compressive failure at a nominal strain 

rate of 0.0002 S-1, i.e. displacement rate/ height of ∼	8 µm. The point of failure was determined 

by observing a physical deformation to the tested pillar during real-time SEM imaging. To 

extract the mechanical properties, in particular the elastic modulus and the ultimate stress of 

bone samples, the image correlation along with the raw load-displacement data, obtained from 

the indenter software, were converted into the engineering stress and strain components. 
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Figure 3-17. Schematic illustration of the nanoindentation system. 

Double cantilever fracture testing was performed, adopting the same mechanical setup but 

with a 60˚ diamond wedge tip (Synton), (shown in Figure 3-18b) that was aligned with the 

central axis of the pillar through the motorised and a rotary stage. As the wedge tip started to 

move towards the middle of the pillar, the beams bent and began to store elastic strain energy 

in them. 

During the test, the crack propagated under a constant displacement ramp until it deviated 

from the straight path, where the tip was retracted to prevent catastrophic failure. A video was 

recorded throughout the experiment, which was subsequently utilised to measure the beam 

displacement, beam width and crack length after registering the collected image frames with 

in-house custom cross-correlation-image and MATLAB scripts, to quantify fracture energy. 

Few considerations were taken in the data analysis process of fracture energy, which are 

presented in chapter 5. 
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Figure 3-18. Schematic of (a) the micropillar compression test and (b) the DCB fracture test.  



 

Chapter 4. Uniaxial Micro-compression Tests 
for Determining Local Elastic Modulus of 

Different Types of Bones  
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The goal of this chapter is to measure quantitatively the elastic modulus and ultimate stress 

and to identify some of the factors that critically influence in bone’s micromechanics using 

uniaxial in situ microcompression tests. The investigation here focused on the micromechanical 

characteristics of bone, specifically, the structure-anisotropy at the microscale and the 

dependence on the properties of the intrafibrillar matrix at the nanoscale. The elastic properties 

were studied on the scale of a few microns (~ 3 µm) in the longitudinal and transverse 

directions of WT and OPN-deficient mouse bones. The measured material properties values 

are used for the fracture energy calculations in the next chapter. A systematic fabrication 

protocol was developed in order to acquire reproducible micropillars of bone tissue as 

discussed in section 3.2.3.1. Subsequently, the micropillars were compressed in situ for SEM 

by a flat punch tip, as detailed in section 3.3. To gain further knowledge about the ultrastructure 

of OPN-/- tissue, a TEM section was prepared for imaging by in situ FIB lift-out following the 

method in section 3.2.3.2. Some experimental variables could influence the accuracy of the 

constitutive relationships between strain and stress, namely the aspect ratio (the ratio of height 

to cross-section of the micropillar), the taper angle (the angle between the end base of slanted 

micropillar and its axial sidewall), and the substrate compliance. These variables were 

correspondingly considered, as discussed in the following section. 

4.1  Data Analysis 

This section provides an overview of the experimental factors were taken into consideration 

to measure the stress-strain constitutive relation for different bone samples under uniaxial 

microcompression. 

4.1.1 Measurements of Micropillar Strain 

In this sub-section, a systematic review was performed to determine the micropillar strain in 

the compression test. 
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4.1.1.1 Indentation Depth and Sneddon’s Formula 

In a conventional tensile test, the axial elongation, Δh, is recorded in response to an applied 

force, f, on the original cross-section, Ao, as denoted in Figure 4-1. The engineering stress (σ) 

–strain (ε) relation is defined as166: 

 𝑆𝑡𝑟𝑒𝑠𝑠, 𝜎 =
𝑓
𝐴{

 (4.1) 

 𝑆𝑡𝑟𝑎𝑖𝑛, 𝜀 =
𝛥ℎ
ℎ  (4.2) 

 𝐸𝑙𝑎𝑠𝑡𝑖𝑐	𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸 =
𝜎
𝜀  (4.3) 

Figure 4-1. Schematic illustration of the geometry of a microcompression pillar. 

Computing the exact measurements of constitutive relations, however, is not that simple. For 

a microcompression test, the raw displacement data must be corrected to account for the sink-

in phenomenon. That is, when the indenter punches the micropillar, its base sinks into the 

underlying substrate. Therefore, the raw recorded displacement (∆𝑋�{�YN) is the indentation 

depth that corresponds to the total displacements of the indenter, the pillar and the substrate. 

This configuration is depicted in Figure 4-2 and is given by187: 

 ∆𝑋�{�YN = 	∆𝑋e������] +	∆𝑋MeNNY] +	∆𝑋c��c�]Y�� (4.4) 
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The quantity of interest here is the pillar displacement that relates to pure deformation only; 

therefore, the indenter and substrate displacements are subtracted from the total displacement 

as follows: 

 ∆𝑋MeNNY] = ∆𝑋�{�YN − ∆𝑋e������] −	∆𝑋c��c�]Y�� (4.5) 

In view of the system as an array of elastic springs comprising the indenter, pillar, and 

substrate, the displacements of the indenter and substrate are provided in terms of compliance 

by47,187: 

 ∆𝑋e������] = 	𝐶e������]	𝑓 (4.6) 

 ∆𝑋c��c�]Y�� = 	𝐶c��c�]Y��	𝑓 (4.7) 

where C denotes the compliance measured in metres per Newton (m N-1) and f is the applied 

force on top of the indenter measured in Newtons (N)47,187. 

Figure 4-2. Schematic of a micropillar during  uniaxial microcompression test. 

Sneddon’s approach188 has been suggested by previous studies187,189-192 in order to alleviate 

the impact of the indenter tip and the upper area of the micropillar from the measured 

displacement. He studied the sink-in phenomenon of a rigid flat-cylindrical punch that indented 

an isotropic elastic half-space material. Sneddon proposed a formula to account for the 

deformation compliance of the half-space material, as follows188: 

 𝐶�����{� =
(1 − 𝜈A)	√𝜋
2	𝐸	√𝐴

 (4.8) 
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where 𝐶�����{� is the compliance of the half-space material, υ is Poisson’s ratio, E is Young’s 

modulus, and A is the contact area between the punch and the half-space material188. By 

considering the micropillar as a rigid flat-punch and the indenter or substrate as the half-space 

material, equation (4.8) could then be applied to the microcompression test to compute the 

deformation compliance187,189, which for the indenter was: 

 ∆𝑋e������] = 	�
(1 − 𝜈e������]A)	√𝜋
2	𝐸e������]	_𝐴R{��YR�

� 	𝑓 (4.9) 

where for a diamond indenter 𝜈e������] = 0.07, 𝐸e������]= 1141 GPa, and 𝐴R{��YR� is the top 

area of the pillar193. 

   If the pillar and the substrate made of the same material with similar properties, then a 

modified Sneddon solution can be applied, as previously proposed by Wheeler and Michler194. 

This correction is based on calculating the ratio of the sink-in displacement to the total 

displacement as: ∆𝑋c��c�]Y��/∆𝑋�{�YN = 	 p1 +
A

(j�����������)	�
( �
��������

)q
�j

. This correction 

considers only the elastic compliance of the base of the micropillar. Regarding the elastic 

deformation in the top side of the pillar, the reduced elastic modulus that is commonly used in 

indentation approach is applied [equation (2.9)]. 

Here, because the substrate and the micropillar were the same material as the elastic 

properties of interest and because of the real-time images obtained during in situ tests, another 

approach has been applied to calculate substrate compliance in the current work. Given the in 

situ operation of the experiment, 𝐶c��c�]Y�� can be described by the frame compliance that can 

be calculated using the cross-correlation of recorded images. The ImageJ software was used to 

track 3–5 features on the substrate adjacent to the pillar in order to determine the pixel shift in 

the y-direction due to sink-in of the substrate. The pixelated distance was measured from the 

feature of the interest to the top of the image frame for the test duration using the in situ 

recorded images. 
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Finally, the pillar displacement that corresponded to the deformation within it was calculated 

as follows:  

 𝑆𝑡𝑟𝑎𝑖𝑛, 𝜀 = 	
∆𝑋MeNNY]

ℎ  (4.10) 

4.1.1.2 Aspect Ratio and Taper Angle Effect 

One of the main parameters considered during micro-machining was the pillar’s aspect ratio 

(α) between the pillar height and its surface cross-sectional area, as expressed in equation 

(4.11)190. During milling, the pillar cross-section was pre-set with a predetermined fabrication 

pattern. The height was altered to optimize the aspect-ratio and inhibit premature buckling of 

the micropillar upon compression caused by a taller pillar, or a higher aspect ratio187,190,195.  

Increasing the pillar’s size and height could also lead to the pillar’s base sinking into the 

substrate more195. It was reported187,190 that an aspect ratio between two and four had an 

insignificant impact on the strain measurements. 

 𝛼 =
ℎ
	𝑟�

 (4.11) 

Due to the nature of ion milling, achieving a perfectly straight pillar can be challenging and 

time-consuming. Therefore, redeposition of material near the base of the pillar can happen, 

which results in a tapered pillar. For a tapered pillar, as the angle (θ) increases, the pillar’s base 

cross-section (𝑟�) increases compared to its top cross-section (𝑟�), as depicted in Figure 4-1, 

which suppresses the sink-in effect. This trend was validated using finite elements analysis 

models187,190 that showed a taper angle < 5˚ had a negligible contribution to strain 

measurements. 

 tan 𝜃 = 	
(𝑟� −	𝑟�)

ℎ  (4.12) 

 (𝑟� −	𝑟�) = 	ℎ	tan 𝜃 (4.13) 

 𝑟� = ℎ	tan 𝜃 +	𝑟� (4.14) 
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equation (4.14) can be also written as in terms of the aspect ratio, equation 

(4.11) as 

𝑟� = 𝑟�	(	𝛼	tan 𝜃 + 	1) 

 

 

(4.15) 

4.1.1.3 Substrate Effect 

The ideal scenario for microcompression test is if the micropillar sits on a rigid base, in order 

to eliminate the sink-in effect. Due to the limitations of micro-machining, this is not usually 

the case, and instead, the substrate and the micropillar are typically the same material. A 

previous study187, based on finite element analysis, quantified the effect of various substrate 

sizes on the strain measurement. As the substrate volume increased (L > 50 µm), the estimated 

strain error plateaued187 to a very small value of 10-4. This behaviour can be partly justified by 

the assumption of a half-space substrate in Sneddon’s formula. Thus, as the substrate size in 

the current work was in the range of 1-2 mm, the measurements contained negligible strain 

error. 

4.1.2 Measurements of Micropillar Stress 

In this sub-section, a systematic review was conducted on the determination of micropillar 

stress in the compression test. 

4.1.2.1 Aspect Ratio and Taper Angle Effect 

The impact of the aspect ratio and taper angle on stress measurements have also been taken 

into consideration. When finite elements analysis models187 of a perfectly straight pillar with 

0˚ taper angle were employed, the aspect ratio had minimal influence on stress measurements. 

When modelling a more common case with a larger aspect ratio and taper angle, both 

parameters led to less accurate stress measurements187. A possible explanation for this is the 

inconsistency between the top and base cross-sections of the micropillar, which led to 

inhomogeneous stress distribution187,196. Therefore, the stress measurement for a tapered pillar 
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must be modified to reflect the aspect ratio and taper angle parameters by averaging stresses at 

the top and base surfaces, as below187: 

 𝑆𝑡𝑟𝑒𝑠𝑠, 𝜎 =
𝑓

𝐴MeNNY]
=
1
2�

𝑓
𝐴�{M

+
𝑓

𝐴�Yc�
� = 	

1
2 �

𝑓
𝑟�A
+
𝑓
𝑟�A
� (4.16) 

4.1.3 Summary of Data Analysis 

After taking into consideration the aforementioned effects, the engineering stress-strain 

curve was plotted, following equations (4.10) and (4.16), as shown in Figure 4-3. 

Figure 4-3. Engineering stress-strain curve computed with and without considering the effects that 
impact the accuracy of the measurements. 

The elastic parameters of the investigated sample were extracted, namely the elastic modulus 

and the ultimate stress (Figure 4-4). The ultimate stress was defined as the value at which the 

material could withstand maximum stress in compression before the cross-sectional area began 

to change166. The unloading branch of the load-displacement curve is projected to exhibit a 

reduction in the uniaxial compressive stiffness due to induced damage mechanisms within the 

bone tissue. These views are based on previous results obtained by the finite element 

simulations in conjunction with indentation experiments on bone47,197-199, which showed a 

reduced unloaded stiffness promoted by permanent deformations developed at the tissue level 

beyond the yield point. It should be noted that unaccounted sources of systematic biases in 
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measurements of the elastic moduli—such as environmental interference during experiments 

or imperfect calibration in the nanoindentation system—could add a slight deviation to the true 

value and increase the standard deviation. The initial nonlinearity in the stress–strain curve ‘toe 

region’ of different bone tissues is thought to stem potentially from incomplete engagement 

between the tip and the top of the pillar. In the current study, the length of the toe region of 

different bone samples ranges from 3% to 8% of the maximum strain, which is in line with the 

reported values for collagenous tissues such as ligaments and tendons200. This region is 

followed by a rise in tangent modulus (slope of the stress-strain curve), where a relatively linear 

portion of the stress-strain curve become apparent and the elastic modulus is measured from 

this segment. 

In this work, the elastic modulus was extracted using the following equation (4.17) by taking 

the slope of the most linear portion in the loading branch of the stress-strain curve, adopting a 

previously published method26,201. The loading branch was divided into small segments 

corresponding to 1% of the maximum strain value attained, and these segments were linearly 

fitted. The slope of the segment with the most linear fit according to the coefficient of 

determination (R2) was then taken as the elastic modulus of the corresponding sample. The 

linear least-squares fitting function in MATLAB was used to perform this routine. 

 
𝐸𝑙𝑎𝑠𝑡𝑖𝑐	𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸 = 	

𝑆𝑡𝑟𝑒𝑠𝑠	(𝜎)
𝑆𝑡𝑟𝑎𝑖𝑛	(𝜀) 

(4.17) 
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Figure 4-4. A schematic illustration of the engineering stress-strain curve of a microcompression test. 

4.2  Results 

In this section, the results of the microcompression experiments of different bone samples 

are presented and discussed with reference to their elastic properties and deformation 

behaviour. 

4.2.1 Dry Healthy (WT) Bone 

SEM image of compression micropillar was taken after ion fabrication, as shown in Figure 

4-5. Stress-strain curves for both longitudinal and transversal orientations of healthy bone 

samples are depicted in Figure 4-6. Five micropillars of longitudinal orientation and four 

micropillars of transverse orientation were compressed. The initial part of a subset of these 

curves showed a slightly bent segment (toe region) for small displacement. This could be 

assigned to incomplete engagement between the flat punch and the top of the pillar. In 

accordance with the simulation models that showed it was experimentally challenging to 

establish a perfect contact in the first stage of the test202. In general, this was succeeded by a 

stable value in the linear elastic region followed by yielding and plasticity, of which several 
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deformations mechanisms occurred until the onset of failure via fracture. The different 

mechanisms will be discussed in more detail in the following sections. 

Figure 4-5. Compression micropillar of healthy bone after fabrication 

Figure 4-6. Compressive stress-strain curves of dry WT bone micropillars loaded (a) longitudinally, 
parallel to the bone’s main axis, and (b) transversally, perpendicular to the bone’s main axis. 

The apparent micromechanical responses of WT bone to longitudinal and transverse 

compression (Figure 4-6) exhibited anisotropic properties. It should be noted that one of the 

micropillars in Figure 4-6b shows an early yielding and plasticity at nearly half the apparent 

stress of the other pillars. Although visualisation of the micropillar surface does not show signs 

of defects or pores, the early failure might be induced by preexisting defects or pores (canaliculi 

or lacunae) within the micropillar body. 

As can be seen in Table 4-1, the longitudinal direction was stiffer than the transverse 

direction, with 𝐸 = 40.2	 ± 4.1	GPa for the former and 𝐸 = 18.6	 ± 3.6	GPa for the latter. The 
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differences in the deformation behaviour were also visible in the post-compression SEM 

images, as shown in Figure 4-7. The longitudinal pillar post-failure had two shear planes 

merging to split axially the micropillar (Figure 4-7a and b). When the compression plane was 

applied perpendicularly to the bone’s principle axis, extensive microcracking appeared in the 

micropillar (Figure 4-7c and d). 

Table 4-1. Elastic properties of dry healthy bone 

 
Elastic Modulus ± 

standard deviation (GPa) 

Ultimate Stress ± 

standard deviation (GPa) 

Dry healthy bone - Longitudinal 40.2 ± 4.1 1.05 ± 0.1 

Dry healthy bone - Transversal 18.6 ± 3.6 0.76 ± 0.2 

 

To further understand the deformation within the compressed pillars, the recorded SEM 

images during the in situ experiment were correlated with the stress-strain response at different 

phases of testing, as depicted in Figure 4-8 and Figure 4-9. The response of the longitudinal 

stress-strain curve (Figure 4-6a and Figure 4-8) was characterized by a linear elastic response 

where no noticeable change was perceived on the pillar apart from a slight change in length, 

due to elastic loading. The onset of yielding events was then represented by a non-linear region. 

That is, the gradient angle of the tangent to the curve decreased, displaying an increment in 

strain with respect to stress. This was followed by plastic deformation, as demonstrated by a 

plateau and peak of ultimate stress where the micropillar remained straight upon deformation 

and the shear band became visible on the surface (Figure 4-8 marked with a dotted circle in 

image 2). Upon controlling the deformation by shearing, a marked strain softening regime 

initiated at high flow stress and decreased rapidly due to the formation of microcracks within 

the micropillar after yielding (image 3 in Figure 4-8). This phenomenon is generally noted in 

quasi-brittle materials as a result of heterogeneity and brittleness leading to crack propagation 

that lowered the resistance of the structure and its load-bearing ability203. When the applied 
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load was high enough, slight strain increase could be seen as the fractured areas slipped onto 

each other. This was accompanied by an increase in the cross-sectional area of the micropillar 

and a considerable reduction in its height leading to a catastrophic failure (image 4 in Figure 

4-8). Failure in this orientation was mainly dominated by shear cracking and axial splitting 

fractures. The average shear offset angle was 41.26˚±12.61˚ with respect to the loading axis. 

 

Figure 4-7. SEM images showing top and front views of micropillars of WT bone post-failure when 
compression was applied (a and b) longitudinally, parallel to bone’s primary axis, and (c and d) 
transversally, perpendicular to bone’s primary axis. 

When the load was applied perpendicular to the bone’s primary axis, the stress-strain 

characteristics resembled, to a certain extent, that of the longitudinal orientation in terms of 

deformation stages; however, the characteristics significantly differed in the plastic response. 

Figure 4-6b and Figure 4-9 reveal the second region was followed by the linear elastic regime 

with a lower slope compared to the longitudinal loading indicating stiffness reduction. This 

continued up to yielding (the non-linear region), where the onset of plastic flow commenced 

with no observed change on the micropillar surface. After the micropillar underwent significant 
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yielding, the maximum stress was reached, accompanied with localized shearing as evidenced 

by the SEM micrographs (image 2 in Figure 4-9). As the external stress increased, the material 

responded with more pronounced abrupt cracking and shearing events (image 3 in Figure 4-9)  

 

Figure 4-8. The engineering stress-strain curve from an in situ microcompression experiment for a 
WT longitudinal bone micropillar correlated with the respective SEM micrographs at different stages 
during the deformation process. White dotted circle indicates the presence of microcrack. 

associated with strain hardening and softening. That is, more stress was required to maintain 

plastic flow with deformation. A marked softening was displayed shortly after hardening, 

which was likely caused by the weakening of the micro-architectured, due to localized 

shearing. In this regime, upon examining the SEM images, no fracture on the micropillar 

surface was observed until the entire pillar failed as multiple cracks propagated (image 4 in 

Figure 4-9). Thus, more destructive deformation took place in the transverse orientation 

compared to the longitudinal orientation. The observed microcracks depicted on the top surface 
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of micropillars following failure were likely a sign of the contour of the discrete crack planes 

merging. 

 

Figure 4-9. The engineering stress-strain curve from an in situ microcompression experiment for a 
WT transverse bone micropillar correlated with the respective SEM micrographs at different stages 
during the deformation process. White dotted circles indicate the presence of microcracks. 

 

4.2.2 Osteopontin Deficiency (OPN-/-) Bone 

The deformation modes were deduced for the stress-strain curves (Figure 4-10) and post-

compression images (Figure 4-11). The extracted elastic moduli were 𝐸 = 14.08	 ± 	4.1	GPa 

and 𝐸 = 3.7 ± 0.3	GPa for longitudinal and transverse orientations, respectively. To facilitate 

tracking the deformation throughout the micropillar, in situ images were correlated with the 

stress-strain curves, as denoted in Figure 4-12 and Figure 4-13. 
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Figure 4-10. Compressive stress-strain curves of OPN-deficient bone micropillars when load was 
applied: (a) longitudinally, parallel to bone’s primary axis, and (b) transversally, perpendicular to bone’s 
primary axis. 

Table 4-2. Elastic properties of OPN-deficient bone 

 
Elastic Modulus ± 

standard deviation (GPa) 

Ultimate Stress ± 

standard deviation (GPa) 

OPN-/- bone - Longitudinal 14.08 ± 4.1 0.4 ± 0.06 

OPN-/- bone - Transversal 3.7 ± 0.3 0.6 ± 0.2 

 

When the compressive load was applied parallel to the bone’s primary axis (Figure 4-10a 

and Figure 4-12), micropillars showed an initial linear elastic response and yielding. At this 

stage of plasticity, shear bands appeared to form on the outer surface of the micropillar (image 

2 in Figure 4-12). After the initiation of shear bands, the localized surface area along the shear 

slip started to buckle (image 3 in Figure 4-12), and controlled most of the plastic deformation. 

Some micropillars lost load-bearing capability and the flow stress subsequently decreased. The 

relatively unconstrained plastic instability of buckling was preceded by shearing events that 

initiated kinking and cracks along the fibril direction leading to the final failure (image 4 in 

Figure 4-12). 
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Figure 4-11. SEM images showing before and after OPN-deficient bone micropillar failure when 
compression was applied (a and b) longitudinally, parallel to bone’s primary axis, and (c and d) 
transversally, perpendicular to bone’s primary axis. 

Regarding compression perpendicular to the bone’s primary axis (Figure 4-10b and Figure 

4-13), micropillars displayed linear elastic behaviour followed by a slight deviation from 

linearity with increasing curvature. This trend continued to suppress visible deformation 

(image 2 in Figure 4-13), until a sudden brittle failure at ~50°, which was evidenced by the 

shear-off processes (image 3 in Figure 4-13). Results suggested that failure here became 

constrained to the development of a single shear plane with an average angle of 42.4˚±7.2˚ with 

respect to the compression axis for all micropillars. Such deformation mechanisms imply that 

the failure modes were markedly prompted by anisotropy, which introduced axial kinking and 

cracking when compressed parallel to the main fibre direction. Shear cracking dominated only 

when the bone was compressed perpendicular to the fibres. 
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Figure 4-12. The engineering stress-strain curve from the in situ microcompression experiment for a 
longitudinally loaded OPN-deficient bone micropillar correlated with the respective SEM 
micrographs at different stages during the deformation process. Red dotted circles indicate the 
presence of microcracks. 

 

 

Figure 4-13. The engineering stress-strain curve from the in situ microcompression experiment for a 
transversally loaded OPN-deficient bone correlated with the respective SEM micrographs at different 
stages during the microcompression test. 

    Studies have extensively reported that the elastic modulus of cortical bone is reduced by 

porosity5,6,204. A high cortical porosity has also been associated with prevalent fracture risks in 
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pathological bones such as osteoporosis5 and Oim8. Therefore, it might be possible that OPN 

bone exhibits porosity as well, which might be a potential factor in the observed reduction of 

OPN elastic modulus. Bonfield and Clark205 have proposed an expression for the elastic 

modulus that accounts for porosity as E = Eo (1- 1.9p + 0.9p2), where Eo is the elastic modulus 

of pure compact bone without porosity and p is the volume fraction of porosity. Assuming OPN 

bone containing 10% porosity, then the measured modulus (E) is ∼21% lower than the absolute 

modulus Eo; for OPN bone containing 20% porosity; E is ∼34% lower than Eo. 

 

Figure 4-14. SEM images of OPN-deficient bone tissue, (a) showing localized disarray of fibres in  a 
large length scale (microscale). (b) The magnified image of the boxed area in (a) displaying fibrils of 
no apparent order in nanoscale; the red boxed areas show collagen fibrils that display a typical banding 
pattern, D-periodicity, of about 67 nm as measured in the axial repeating steps. 

To gain a better insight on the structure of OPN-/- bone, SEM and TEM examination were 

conducted on undeformed areas in the OPN-deficient tissue. SEM images of the lamellar 

structure in the OPN-/- (Figure 4-14) revealed fibres disarrayed on both the micro and 

nanoscales. Investigation of the smaller length scale by TEM observation of the ion-milled 

OPN-deficient tissue validated the disorganised observation. Images of the longitudinal OPN-

/- tissue (Figure 4-15a) showed local variations in the fibril architecture. Regions of organised 

and disorganised (left and right areas, respectively) mineralized fibrils were found with the 

latter exhibiting local misalignment in an incoherent manner. Disorganisation seemed to be   

accompanied with changes to the density of the bone matrix with no sign of the banding pattern 

of fibrils. In contrast, the TEM view of the longitudinal WT tissue (Figure 4-15b) displayed 
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organised fibril assemblies with an apparent patterns of the collagen characteristic banding. 

The contrast of the bands is generally presumed to be a result of mineral crystals within the gap 

zones of the fibrils. Consequently, the fibrils’ axes must be aligned normal to the banding 

pattern. Between the gap zones are low contrast regions denoting the overlap zones where 

mineral crystals are apparently less abundant within the fibrils. 

Therefore, one of the contributing factors to the low elastic modulus of OPN bone is the 

orientation of the collagen fibrils. Bonfield and Grynpas206 studied the mechanical properties 

of cortical bone at varying angles (0˚–90˚) to bone’s long axis by ultrasonic tests. They revealed 

that as the angle increased, elastic modulus gradually decreased with it. This result is from the 

fact that bone tissue becomes stiffer in the longitudinal direction as mineralised fibrils align 

(the fibrils are much stiffer in the longitudinal direction than perpendicular to it). For the 

longitudinal pillars, most of the fibrils are aligned at small angles with the loading direction. In 

this case, the observed increased elastic modulus and ductility are a result of a combined fibril 

and extrafibrillar mineral47. For the transverse micropillars, the majority of the fibrils have an 

orientation of approximately 90˚  to the loading direction with minimal fibrils aligned axially. 

In this scenario, micropillar failure may be promoted mainly by the extrafibrillar mineral47. 

Thus, changes in fibril orientation within the bone tissue, such as the case of OPN, would likely 

lead to a local variation of the elastic properties. 

Another potential source of the observed reduction in OPN elastic modulus is the mineral 

content. Assessment of the mineralisation degree and ratio of OPN-/- tissue were conducted by 

Depalle et al.207 using thermogravimetric analysis (TGA) and qBSE. TGA of the whole bones 

showed no deviation in the mineral-to-matrix ratio between the OPN-/- and WT tissues 

(2.99±0.63 vs. 2.99±0.07, respectively). At the tissue level, qBSE of scanned osteopontin bones 

were calibrated and compared in terms of the backscatter intensity grey-level number. Lower 

mineralisation degree (denoted by the mode of the histogram of the qBSE image) was revealed 
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for OPN-/- tissues compared to WT tissues (Figure 4-15c). Despite the unaffected ratio of 

mineral to matrix in OPN-/- bone, it is likely that organisation and packing disruption of 

collagen fibril—which acts as a template for mineralisation growth—may influence the 

orientation of apatite crystals embedded within these fibrils and results in reduced mineral 

density at the tissue level. In fact, these significant changes observed in reduced elastic modulus 

of OPN-knockout mice are not attributable to the whole bone mass or cortical thickness as it 

has been previously shown, but that is likely due to mineral variability, which is in accordance 

with previous studies79,208. Increased mineral variability in OPN-deficient mice suggests a role 

of OPN protein in regulating early stages of mineral formation and growth that may results in 

changes to bone quality. Taken together, it can be argued that these possible structural 

alterations in OPN tissue in terms of patchy disorganised fibrils, mineralisation heterogeneity 

and porosity may give rise to reduced elastic modulus. 
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Figure 4-15. a) TEM image of longitudinal OPN-deficient bone from undeformed area prepared by in 
situ FIB lift-out; showing a localized patch of fibril disorganization without a predominant orientation 
in the right region compares to the left area, whears fibrils exhibit aligned assembly in the vertical 
direction. b) TEM view of an ion-milled section of a longitudinal WT bone from undeformed area 
showing the periodic banding characteristic of Type I collagen fibrils (without staining) as the fibrils 
being aligned in an organized manner. c) Quantitative backscattered SEM shows mineralization 
degree at tissue level. OPN-/- has a low degree of mineralization (denoted by the mode of the histogram 
of the qBSE image); inset shows scanned images with higher gray values implying higher degree of 
mineralization.   

 



    
 

 125 

                                                       Uniaxial Micro-compression Testing of Bone      4     

4.3  Discussion 

The present chapter aimed to assess the micromechanical response from micro-compressing 

micron-sized pillars of healthy and diseased bone tissues in different orientations. The specific 

objective was to measure the elastic properties of healthy and osteopontin deficient bone tissue.  

Both the in situ microstructural observations and the stress-strain curves, elucidated three 

stages of deformation: (1) homogeneous deformation, (2) crack initiation, and (3) failure of the 

micropillars. Generally, upon deformation, most micropillars showed hardening until the 

ultimate stress was attained where the slip lines became discernible on the outer surface of the 

micropillars. A decrease in stress ensued marking a softening regime corresponding to either 

buckling or condensing the surface-to-height ratio, due to microcracking. 

The reduced elastic modulus of the transverse orientations for all samples compared to that 

of the longitudinal direction mainly stems from the preferred orientation of the mineral 

crystallites along the bone’s principle axis1. That is, mineral crystals are embedded within and 

throughout the collagen fibrils, following the direction of the fibrils1. The preferential 

orientation of fibrils is in the longitudinal direction; as such, by rule of mixtures, augmenting 

the density of rigid mineral in bone is strongly associated with a relevant rise in stiffness209. 

The longitudinal elastic modulus for deproteinized and demineralized bones were 9.2 and 

0.2 GPa, respectively, indicating that the stiffness value is largely due to the mineral phase210. 

The findings support the general consensus that bone tissue is inherently highly anisotropic and 

vastly sensitive to the fibrils’ orientation1. 

Compression tests on the bone unveiled anisotropy-dependent flow stress at the micro-level. 

The micromechanical responses between the two different anatomical orientations for both the 

WT and OPN-deficient bone samples distinctly demonstrated the anisotropic characteristics, 
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but to varying degrees. The longitudinal direction was the stiffest for both the WT and the OPN-

/- bones. The transversal OPN-/- bone showed the most brittle response among all samples. 

Deformation phenomena that occurred during testing may also be affected by structural 

factors, such as localized fibril orientations of bone tissue within the micropillars. That is, the 

development of internal stresses mainly originated from the mineralized fibrils preferentially 

oriented with the loading direction. The deviation from the dominant longitudinal orientation 

introduced failure along these inclined fibrils similar to the shear behaviour. Interestingly, from 

the in situ observations, deformation and cracking during testing both initiated at the surface 

of the micropillar probably caused by structural heterogeneities in the tissue. Computational 

simulation models have also identified that the stress tended to concentrate around the corners 

of the exterior surface of the micropillar and a crack was likely to commence in the stress 

concentrated regions192. 

Bone constituents play a crucial role in bone micromechanical characteristics; thus, healthy 

bone, as a composite structure, has superior characteristics to any of its individual components. 

Hence, when any of the matrixes are lost or altered, the micromechanical properties are 

significantly impacted. Modifying or losing NCPs in aging33 or disease36— specifically in 

pathologies such as osteoporosis33 with Osteopontin deficiency— leads to changes in the 

collagenous framework79 and mineralization108, which reduces the bone’s load-bearing ability, 

as shown in Table 2-2. 

The obtained elastic moduli in dry WT mouse bone in this study are in accordance with the 

published values of dry ovine bone of 31.2 GPa and 16.5 GPa in the longitudinal and transverse 

directions, respectively, as determined by uniaxial micro-compressing of a 5 µm micropillar47. 

Nanoindentation reported values of the longitudinal elastic modulus of WT mouse bone and 

ranged between 5 to 37 GPa104,211-217, and 20 to 3579,218 for longitudinal OPN-knockout mouse, 

showing considerable scattering of mechanical properties due to averaging values in all 
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anatomical directions. One of the clear advantages of evaluating the elastic modulus of bone 

using microcompression over indentation is that it is derived from uniaxial stress state rather 

than the multiaxial and heterogenous stress field underneath the indenter as in 

nanoindentation219. Moreover, although the indentation method provides substantial 

information about the mechanical properties of bone, such as hardness and yield stress, 

interpreting the findings of materials with elastoplastic characteristics is not straightforward 

because different materials can result in almost identical indentation curves47,220. Alternative 

approaches, such as uniaxial microcompression, can explicitly distinguish and determine the 

microscale deformation behaviour of bone.  

Interestingly, a disparity was identified between the shape of the stress-strain curves for both 

OPN-/- orientations. A nearly linear elastic regime until failure was detected in the transverse 

direction. A considerable deviation from the linear response was displayed by the longitudinal 

micropillars, implying the existence of a shift from brittle to quasi-brittle behaviour. A possible 

rationalization for this brittle transition may be driven by the deformation mechanisms at the 

nanoscale, where alteration to collagen fibrils suppresses inter-fibrillar sliding. That is, due to 

patchy disorganization within OPN-/- tissue, the average number of organized collagen fibrils 

spanning the transversal micropillar reduces considerably. This is likely reflected in a decrease 

in the number of collagen fibrils available to take part in inter-fibrillar sliding events, and thus 

markedly represses the amount of plasticity.  

TEM images of the OPN-/- tissue revealed that the contrast imparted by the periodic 

arrangement of the mineralized fibrils was absent in the disorganized patches compared to WT 

structure, where an apparent banding patterns were observed. The lack of banding pattern 

contrast could be linked to different mineralization levels in the fibrous mesh within OPN-/- 

bone29. The absence of the glue-like OPN, as previously discussed in section 2.1.5, possibly 

renders the collagen fibrils more prone to unravel and dissociate to form eventually a mesh-
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like collagen network, which ultimately has a profound impact on the mechanical 

integrity29,32,79. 

The local microstructure of bone is naturally heterogeneous (in parameters such as lacunae, 

canaliculi, fibrils organization, degree of mineralization, etc.), and properties vary based on the 

region selected for fabricating micropillars. Even though, the probability of pre-existing pores 

and other large structural features were minimized with the micropillar size, as traces were not 

detected in the pre-deformed micropillars. Yet, imaging alone does not exclude the possibility 

of the occurrence of such structural features inside the micropillar. Thus, slight variants in the 

measured results were expected. In fact, the presence of pre-existing features, such as lacunae 

and canaliculi within the micropillar would be considerable in size in comparison to the 

micropillar itself. The diameter of lacunae ranges from 0.05 to 0.41 µm and canaliculi diameter 

ranges from 0.08 to 0.71 µm221. A previous study222 has indicated that the elastic modulus has 

a roughly cubic relationship with the volume fraction of compact bone. In the same manner, a 

previous experimental analysis223 of porous hydroxyapatite ceramic has revealed that the 

compressive strength correlates linearly with porosity volume; a smaller pore fraction 

associates with a higher compressive strength. Thus, the longitudinal uniaxial ultimate stress 

was 3.5 times higher than that obtained macroscopically (~0.3 GPa)47. Marked changes in pore 

size distribution or organisation could critically influence the measured strength of compressed 

bone. That is, increased porosity within the bone microstructure implies more lacuno-

canalicular porosity or weak interface presence. These structural features and defects act as 

stress concentrators and may decrease the apparent yield strain to induce plasticity and failure 

by microcracking224. Therefore, structural porosity can adversely affect the elasticity and the 

strength of bone. 
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4.4  Summary 

To assess the micromechanical characteristics of bone, micropillars were systematically 

fabricated to isolate the microstructure and were tested by means of in situ uniaxial 

compression tests with real-time SEM observations. Through empirical correction procedures 

to the constitutive stress-strain relation, the elastic moduli and the ultimate stresses were 

determined for the longitudinal and transverse orientations of WT and OPN-/- tissues. Two 

different orientations of bone tissue showed a sharp distinction in the apparent elastic moduli 

between orientations, capturing the anisotropic nature of bone at the micro-level. By 

mechanically and structurally characterizing the OPN-deficient bone, reduced elastic 

properties were found that most likely instigated by alterations in the bone matrix, such as 

localized variation of the fibril organisation, lowering the degree of anisotropy. The measured 

elastic properties were also used to calculate the fracture toughness of WT and OPN-/- tissues, 

as discussed in the next chapter. 

 

 



 

Chapter 5. Micromechanical Fracture Tests 
for Determining Fracture Toughness of 

Different Types of Bones 
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Bone develops its toughness from its constituents primarily during crack growth225. Because 

bone’s fracture behaviour is concomitant with its multiple hierarchical levels, the assessed 

toughness can be a function of the length scale at which it is probed. In addition, measurements 

need to reflect cracking behaviour on a scale of few micrometres to discern the underlying 

toughening mechanisms and their relation to local fibrillary structure. Therefore, to provide 

insights on structural factors instrumental in the fracture response of the isolated microstructure 

of mineralized collagen fibrils, we measured the fracture toughness of bone at the microscale. 

This size scale provides minimal porosity and heterogeneities, enabling determination of the 

roles of fibril anisotropy and OPN protein deficiency in fracture resistance. 

The first aim of this chapter is to quantify the anisotropic fracture properties of few micron-

sized bone in correlation to the fibril orientation patterns of bone samples. In addition, because 

disease can cause deleterious alterations in the mechanical integrity of bone, developing a 

deeper understanding, both mechanistically and structurally, of the underlying sources of bone 

fracture resistance is critical to designing therapies that target these adverse effects. The second 

aim of this chapter is to assess whether OPN deficiency changes the fibrillar arrangement and 

orientation and the consequences of these changes for microscale fracture toughness. 

Subsequently, we performed TEM analysis of the fractured pillars to reveal relationships 

between the local organization of the mineralized collagen fibrils and the crack path. 

In order to measure the microscale fracture resistance of bones, we conducted double-

cantilever-beam (DCB) micromechanical tests in situ SEM in micropillars of mouse bone 

machined to be longitudinal and transversal to the bone’s principal axis. This chapter starts 

with discussion of the theoretical and analytical solutions used to measure fracture energy. This 

is followed by a description of several experimental variables, including short crack length 

effects, geometrical asymmetry effects, the taper angle of micropillar, and rotational effects 

that took into account to improve the accuracy of this approach. 
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5.1  Development of microscale fracture testing: 

DCB modified configuration 

A modified testing geometry of DCB based on Lawn’s166 conceptual framework lends itself 

to overcoming the limitations of the available microfracture techniques. In this thesis, an 

improved micro-scale configuration of double-cantilever bending by sharp wedge is performed 

for empirical quantification of bone’s fracture toughness after it has shown promising results 

in testing brittle ceramics36. In summary, the previous work measured fracture energy over 

micrometre crack growth using an in situ wedge-opened DCB, with displacement controlled 

testing conducted on four single-crystal silicon carbide (SiC) samples (labelled as [SC]) and 

three bicrystal SiC samples bonded together with a thin glassy interlayer (labelled as [IL]). The 

resulted fracture energy values of single-crystal SiC samples using this approach were then 

compared with the values obtained from density functional theory (DFT) quantification 

performed with the local density approximation (LDA) and the generalised gradient 

approximation (GGA). The measurements of the single-crystal SiC system show good 

reproducibility, which is consistent with DFT calculations of the same crystallographic plane 

of SiC (Figure 5-1a). In addition, the experimental fracture energy values obtained for bicrystal 

SiC samples fall between the theoretical and experimental bounds reported in the literature 

(Figure 5-1b). These results demonstrate the capability of the wedge-opened DCB framework 

to characterise fracture energy at the microscale, thus providing the validation for this approach 

being applied to complex materials such as bone to expand our understanding of its microscope 

fracture behaviour. 
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Figure 5-1. a) Comparison of fracture energy data obtained from microscopic DCB experiments for 
single-crystal SiC samples and DFT calculations. The error bar represents the standard deviation 
determined from the Monte Carlo-based error propagation analysis. b) Comparison of experimental 
fracture energy measured on bicrystal SiC samples using DCB testing with values reported in the 
literature experimentally and theortically.36 

 

Several considerations were taken into account for this selected improved approach to be 

applied to bone tissue, as follows: 

§ A wedge-opened DCB test has been developed to characterise the resistance of 

bone to fracture in the presence of a mode I crack in terms of the stress intensity 

factor, KI, and the strain energy release rate, GI. 

§ The analysis model applied assumes linear elastic behaviour of the cracked sample; 

thus, certain constraints are imposed to operate LEFM solution. 

§ Any deflection or branching of the fracture will introduce a combined fracture 

mode, rendering an invalid test for LEFM application. 

§ A state of plane-strain at the crack tip is necessitated by having sufficient sample 

thickness. Because bone’s material in its natural state is semi-ductile, the thickness 

criterion for the tested sample has to be larger to preclude plasticity becoming high 

and violating LEFM conditions. 
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§ A stable crack with extended growth is desirable to discount any plausible damage 

introduced by FIB fabrication and to examine active toughening mechanisms. 

§ A displacement-control mode is carried out for loading to ensure an inherently 

stable crack growth. 

§ Minimisation of the potential impact of friction between the tip and the sample 

surface or machine compliance by wedge-opening is necessary to prevent under- 

or overestimation of fracture toughness. 

§ The crack must be opened by a sufficiently sharp wedge tip to ensure that fracture 

toughness is not over- or underestimated. 

§ To align the wedge indenter to the DCB’s central axis and also resolve the 

toughening mechanism and crack path in real time, microfracture experiments have 

to be conducted in situ SEM. 

§ Capability of site-specific machining of the test geometry and the notch in a defined 

region of interest. 

§ The evaluated fracture toughness values and the effective crack path must be 

sensitive to anisotropy variation in bone material.  

§ Uniaxial microcompression tests must be performed to extract the local elastic 

moduli of bone material (i.e. to reduce extraneous effects due to the heterogeneous 

nature of bone) to be used in the fracture toughness calculations. 

5.2  Measurement of Fracture Energy 

For the purpose of evaluating the fracture characteristics of bone material, the wedge-opened 

DCB tests were performed, which is an efficient way due to the inherent stability of the crack 

growth with this configuration36,77,166. A rectangular pillar of high aspect ratio was fabricated, 

as described in section 3.2.3.1, with a central trench added to its top to produce two shoulders 
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for wedge loading. The wedge-opened DCB specimen was developed when the crack initiated 

in the sample. By driving down the wedge along the central geometry of the sample, a bending 

moment to the beams was induced (Figure 5-2). Under a constant advancement of the wedge 

in displacement mode, the crack initiated and propagated77,166. The crack tip advanced by an 

increment of length, whereas the strain energy stored in the beams was then released166. In 

order to enable the monitoring of the crack extension of the DCB an in situ SEM setup was 

employed for testing to investigate and measure the crack propagation and the beam 

displacement. The stability of crack growth in this wedge-opened DCB is a result of the 

proportionality of the energy consumed in splitting the two shoulders with crack extension. 

Therefore, the energy release rate decreases with the crack length, leading to a controlled crack 

growth. Experimental analysis of the wedge-opened DCB sample gives mainly the strain 

energy release rate, the energy dissipated to extend the crack, which was mainly approximated 

based on Euler-Bernoulli beam theory, as discussed next. 

 
Figure 5-2. Schematic of double cantilever beam (DCB) loaded at its end. (a) The double clamped 
cantilever system before loading it; (b) after loading, the dimension can be approximated as each end-
loaded cantilever width d was subjected to a load P, in which the loading point is the crack initiation 
point that ends at the clamp position at x=a. 

To determine the elastic strain energy stored in a beam that is subjected to a load applied 

transversely to the long dimension causing the beam to bend, the deformation on the beam 
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needs to be considered. The work done by an applied force on a body is stored as potential 

energy (U) in the body and equals to the elastic strain energy36,77,166. To derive its expression, 

assume an infinitesimal dimension of body is subjected to normal stress sxx (Figure 5-3) the 

forces exerted on an area (dydz) of this body is (sxx dy dz)77. The body deforms by an amount 

equals (exx dx), where exx is the strain in x direction for a perfectly elastic body. Assuming the 

body is linearly elastic, the stress is directly proportional to strain. This implies that the forces 

acting on the body have a linear increase and the average forces on the body is: 

           Average forces	= j
A
𝜎ZZ	𝑑𝑦𝑑𝑧 (5.1) 

Therefore, the work done by the force 

 

         Work = average forces x deformed length 

= P
1
2𝜎ZZ	𝑑𝑦𝑑𝑧S (eZZ𝑑𝑥) 

(5.2) 

As stated earlier, the work done on the body is equivalent to the internal strain energy (du) as: 

 𝑑𝑢 =
1
2𝜎ZZ	eZZ	𝑑𝑦	𝑑𝑧	𝑑𝑥 (5.3) 

where the volume of the body is dv = dy dz dx 

 𝑑𝑢 =
1
2𝜎ZZ	eZZ	𝑑𝑣 (5.4) 

 𝑈¨ =
𝑑𝑢
𝑑𝑣 =

1
2𝜎ZZ	eZZ    (5.5) 

Equation (5.5) denotes the elastic strain energy stored in elastic body per unit volume77,226. 

From Hooke's law for an elastic body subjected to uniaxial stress sxx= exx E, where E is the 

elastic modulus77, substituting into equation (5.5): 

 𝑈¨ =
𝑑𝑢
𝑑𝑣 =

𝜎ZZA	
2𝐸  (5.6) 

 
© 𝑑𝑢
ª«

= ©
𝜎ZZA	
2𝐸¬

𝑑𝑣 
(5.7) 
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Considering a beam subjected to a pure bending, the magnitude of the normal stress of a beam 

 
Figure 5-3. Schematic of an infinitesimal dimension of a body that is subjected to normal stress sxx.  

under pure bending can be expressed from the classic equation of the simple beam theory as: 

 σ =
𝑀𝑦
𝐼  (5.8) 

where M is the bending moment due to a normal stress (bending stress) across a cross-section, 

y is the vertical distance from the neutral axis, and I is the second moment of area about the 

neutral axis77. Substituting equation (5.8) into equation (5.7) gives: 

 𝑈¨ = ©
𝑀A𝑦A	
2𝐸𝐼A¬

𝑑𝑣 (5.9) 

Provided that ¯
�°�	
A¨@�

 is a function of x only and that dv = dx dA, where dA is the elemental cross-

sectional area, then: 

 𝑈¨ = ©
𝑀A	
2𝐸𝐼A �© 𝑦A

�
𝑑𝐴�

Y

±
𝑑𝑥 (5.10) 

Given that (∫ 𝑦A� 𝑑𝐴) represents the moment of inertia, I, of the cross-section about its neutral 

axis. 

 𝑈¨ = ©
𝑀A	
2𝐸𝐼

Y

±
𝑑𝑥 (5.11) 

When a load (P) is applied to the beam end, then by considering only the effect of the normal 

stresses, the resultant bending moment (M) at a distance x from the loaded end is M = -Px. 

Substituting it into equation (5.11): 
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 𝑈¨ = ©
𝑃A𝑥A	
2𝐸𝐼

Y

±
𝑑𝑥 =

𝑃A𝑎h	
6𝐸𝐼  (5.12) 

where 𝑎 is the beam length that is equivalent to the crack length in the cantilever beam system. 

In order to reflect the bending status, the displacement constant (d) has to be introduced into 

the strain energy equation (5.12). The maximum displacement of the end-loaded beam is 

related to the applied load that is given by the Euler-Bernoulli approach as: 

 δ =
𝑃𝑎h

3𝐸𝐼 			→ 		𝑃 =
3𝐸𝐼δ
𝑎h  (5.13) 

To provide an understanding into a beam's resistance to bending due to an applied moment 

in terms of its area, the property of moment of inertia, I, which is the second moment of a 

rectangular area is introduced into the stress equations as: 

 𝐼 = µ𝑦A

¶

𝑑𝐴 = © © 	𝑦A
�
A

��A

𝑑𝑦 𝑑𝑥
�
A

��A

= 	© 	
1
3

�
A

��A

𝑑h

4 𝑑𝑥 =
𝑑h𝑡
12  (5.14) 

For a unit of width, t, then 𝐼 = �·

jA
, substituting it along with equations (5.13) and (5.14) into 

the strain energy equation (5.12) gives36,227: 

 𝑈¨ =
𝐸𝛿A𝑑h	
8𝑎h  (5.15) 

Equation (5.15) represents the elastic strain energy based on the Euler-Bernoulli theory. 

Thus, the energy stored in each beam per unit volume in the loaded end of a cantilever beam is 

equal to the elastic strain energy defined by equation (5.15).36,77,166 Hence, the strain energy 

release rate that is described by the Griffith theory as: 

 𝐺 = −
𝑑𝑈¨
𝑑𝑎 =

3𝐸𝛿A𝑑h	
8𝑎¹  (5.16) 

The Euler-Bernoulli beam approach is a simple linear, beam theory that performs particularly 

well for a slender beam. 
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5.2.1 Considerations in the Data Analysis Process of 

Fracture Energy 

To improve the accuracy of the fracture energy measurements, considerations have been 

taken to encounter several effects that may influence the results, which are discussed in the 

next sections. 

5.2.1.1  Short Crack Length Effect 

The short length of cracks in the current DCB dataset dictates the incorporation of a 

transverse shear component into fracture energy measurements. This phenomenon occurs when 

the crack length is less or comparable to the thickness of the beam, specifically at the beginning 

of the test when d >> a, where d is the thickness of a beam and a is the crack length, due to 

the existence of shear stress within stubby beam. 

Euler-Bernoulli theory assumes that any sections of a beam’s plane remain perpendicular to 

the neutral centroidal axis during deformation with a constant bending moment, suggesting that 

the shear strain is zero, implying therefore that shear stress and shear force are also zero154,155. 

Thus, Euler-Bernoulli theory strictly holds for long slender beams, and sustained error in 

displacements by neglecting shear influences are of the order of (d/a).36,154,155 

When a beam has a relatively low aspect ratio, shear impacts can be substantial. In this case, 

if the beam is subjected to a transverse load, then the bending moment varies from section to 

section and the beam’s neutral axis is no longer normal to the neutral longitudinal axis (Figure 

5-4). To counter the behaviour of thick beams, Timoshenko beam theory was employed to take 

into consideration the shear contribution in the total elastic strain energy. The crucial 

distinction of Timoshenko theory is that sections axis of a beam are not normal to the neutral 

longitudinal axis to enable plane sections to undertake a shear strain154,155,226, as illustrated in 

Figure 5-4. This explains the reason why the transverse shear stress is not taken into 
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consideration in Euler-Bernoulli beams, where bending is presumed to behave in a particular 

way where the cross-section remains normal at the neutral axis both before and after bending. 

The distinctions between the two beams become more pronounced when the strain energies are 

computed. All things considered, for calculations based on Timoshenko theory, a shear factor 

is introduced to the simple beam theory. 

 

Figure 5-4. Schematic illustration of a rectangular beam subjected to bending moment. It shows the 
deformation according to a Timoshenko beam (blue) compared with that of an Euler-Bernoulli beam 
(green). 

The relationships are detailed in the followings as stated in77,226. The elastic strain energy 

over the volume of beam can be expressed as: 

 𝑈¨ = © 𝑢	𝑑𝑉
¬

 (5.17) 

where u is the strain energy per unit volume that is defined as: u = 𝜎𝑥x2/2E, E is the elastic 

modulus,	𝜎𝑥x is the stress applied on x-axis of a body, and 𝑑𝑉 the volume of the body. Thus, u 

can also be expressed in terms of strain 𝜀𝑥x as being u = 𝜎𝑥x	𝜀𝑥x	/2. 

 𝑈¨ =
1
2© (σZZ	𝜀ZZ)	𝑑𝑉

¬
 (5.18) 

Considering a shear stress 𝜏𝑥y acting on the volume body to create a shear strain 𝛾Z°, and the 

strain energy density is u = 𝜏𝑥y	𝛾Z°, then: 
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 𝑈 = © (𝜏Z°	𝛾Z°)	𝑑𝑉
¬

 (5.19) 

For a Timoshenko beam, the total strain energy over the volume of beam under normal stress 

and shear stress is: 

 𝑈¯ =
1
2© ½(σZZ	𝜀ZZ) + (2	𝜏Z°	𝛾Z°)¾	𝑑𝑉

¬
 (5.20) 

The stresses over the volume of the beam loaded at the end are: 𝜎𝑥x being the normal stress at 

point 𝑥 along the beam length, 𝜎yy is the parallel stress at point y along the beam thickness that 

equals to zero, and 𝜏𝑥y is the distributed shear stress. These stresses still need to be obtained.  

A useful method of solving two-dimensional (plane stress and plane strain) problems for 

homogeneous elastic bodies is through a polynomial function. This can be satisfied by 

introducing Airy’s function 𝛷, which was proposed by George Airy228, in the form of 

homogeneous polynomials. The plane stress is expressed as228-230: 

 

plane	stress:		 �
𝜕A

𝜕𝑦A +
𝜕A

𝜕𝑥A� �
𝜕A𝛷
𝜕𝑦A +

𝜕A𝛷
𝜕𝑥A� = 0 

																								�
𝜕¹𝛷
𝜕𝑦¹ + 2

𝜕¹𝛷
𝜕𝑦A𝜕𝑥A +

𝜕¹𝛷
𝜕𝑥¹ � = 0 

(5.21) 

The stresses are introduced in terms of this new function as follows: 

 

σZZ =
𝜕A𝛷
𝜕𝑦A  

σ°° =
𝜕A𝛷
𝜕𝑥A  

𝜏Z° = −
𝜕A𝛷
𝜕𝑥𝑦  

(5.22) 

where 𝛷(x,y) is multi-degree homogenous polynomial. When the body is free of stress, a 

polynomial of the first degree is applied as: 

 𝛷j = 	𝑎j𝑥 +	𝑏j𝑦 (5.23) 
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σZZ =
𝜕A𝛷j
𝜕𝑦A = 0 

σ°° =
𝜕A𝛷j
𝜕𝑥A = 0 

𝜏Z° = −
𝜕A𝛷j
𝜕𝑥𝑦 = 0 

The coefficients 𝑎j, 𝑏j, etc. through later polynomial functions later are arbitrary and are 

adjusted to solve the different loading conditions of the beam. 

In case the body is subjected to a pure uniform shear stress, as depicted in Figure 5-5, then a 

polynomial of the second degree is used as: 

 

𝛷A = 	
𝑎A
2 𝑥

A + 𝑏A𝑥𝑦 +	
𝑐A
2 𝑦

A 

σZZ =
𝜕A𝛷A
𝜕𝑦A = 0 

σ°° =
𝜕A𝛷A
𝜕𝑥A = 0 

𝜏Z° = −
𝜕A𝛷A
𝜕𝑥𝑦 = −𝑏A 

(5.24) 

It can be seen that the resultant stress components are independent of x and y; that is, they 

are invariable through the body indicating that the stress function 𝛷2 denotes a status of a pure 

shear field. 
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Figure 5-5. Schematic illustration of a cube deformed under pure uniform shear stress that is 
represented by a polynomial of the second degree. 

When a pure bending is applied perpendicular to the x-axis, then for a linearly changing 

stress field, a polynomial of the third degree is employed as: 

 

𝛷h = 	
𝑎h
6 𝑥

h +
𝑏h
2 𝑥

A𝑦 +	
𝑐h
2 𝑥𝑦

A +
𝑑h
6 𝑦

h 

σZZ =
𝜕A𝛷h
𝜕𝑦A = 𝑐h𝑥 + 𝑑h𝑦 

σ°° =
𝜕A𝛷h
𝜕𝑥A = 𝑎h𝑥 + 𝑏h𝑦 

𝜏Z° = −
𝜕A𝛷h
𝜕𝑥𝑦 = −𝑏h𝑥 − 𝑐h𝑦 

(5.25) 

Because the stress is only applied perpendicular to the x-axis, 𝑎h= 𝑏h = 𝑐h= 0 and the stress 

components are reduced to: 

 

σZZ =
𝜕A𝛷h
𝜕𝑦A = 𝑑h𝑦 

σ°° =
𝜕A𝛷h
𝜕𝑥A = 0 

𝜏Z° = −
𝜕A𝛷h
𝜕𝑥𝑦 = 0 

(5.26) 

At y = ± �
A
, then σZZ = ±	𝑑h

�
A
; the change of σZZ with y is linear, as shown in Figure 5-6. 
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Figure 5-6. Schematic illustration of a rectangular beam deformed under pure bending stress that is 
expressed by a polynomial of the third degree. 

The final case is the bending of a beam by an end load, i.e. a normal stress σZZ running 

lengthwise. This in turn results in shearing forces that have a parabolic distribution at the top 

and bottom faces of the beam ends228-230. 

 

𝛷¹ = 	
𝑎¹
12 𝑥

¹ +
𝑏¹
6 𝑥

h𝑦 +	
𝑐¹
2 𝑥

A𝑦A +
𝑑¹
6 𝑥𝑦

h +
𝑒¹
12 𝑦

¹ 

σZZ =
𝜕A𝛷¹
𝜕𝑦A = 𝑐¹𝑥A + 𝑑¹𝑥𝑦 + 𝑒¹𝑦A 

σ°° =
𝜕A𝛷¹
𝜕𝑥A = 𝑎¹𝑥A + 𝑏¹𝑥𝑦 + 𝑐¹𝑦A 

𝜏Z° = −
𝜕A𝛷¹
𝜕𝑥𝑦 = −P

𝑏¹
2 S 𝑥

A − 2𝑐¹𝑥𝑦 − P
𝑑¹
2 S 𝑦

A 

(5.27) 

Taking 𝑎¹= 𝑏¹ = 𝑐¹= 𝑒¹= 0 except 𝑑¹, the stress components are reduced to: 

 

σZZ = 𝑑¹𝑥𝑦 

σ°° = 0 

𝜏Z° = −P
𝑑¹
2 S 𝑦

A 

(5.28) 

For the Timoshenko beam theory, the shear stress component 𝜏Z° is a combination of pure 

shear field expressed by 𝛷A and parabolic distribution obtained by 𝛷¹ as follows: 
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σZZ = 𝑑¹𝑥𝑦 

σ°° = 0 

𝜏Z° = −𝑏A − P
𝑑¹
2 S 𝑦

A 

(5.29) 

In order to define the 𝑑¹ coefficient, the boundary conditions are determined for the top and 

bottom edges of the beam at y = ± �
A
 that are not loaded, which results in: 

 At y = ± �
A
 ,   𝜏Z° = 0;                 −𝑏A − p

�Ç
A
q 𝑦A = 0 (5.30) 

Given that y = �
A
 at the top edge of beam;   −𝑏A − p

�Ç
A
q p�

A
q
A
= 0 

𝑑¹ = −8	 P
𝑏A
𝑑AS 

𝜏Z° = −𝑏A + 4 P
𝑏A
𝑑AS 𝑦

A 

To solve for 𝑏A, consider that the excreted load P must be equal to the produced shearing 

stresses distributed across the built-in end. 

 −© 𝜏Z°

�
A

��A

𝑑𝑦 = 𝑃 (5.31) 

© (𝑏A − 4 P
𝑏A
𝑑AS

𝑦A)
𝑑
2

−𝑑2

𝑑𝑦 = 𝑃 

2𝑏A𝑑
3

= 𝑃 

𝑏A =
hÈ
A�

      , thus,   𝑑¹ = −12	 È
�·

 

Therefore, equation (5.29) can be expressed as: 

 
σZZ = −12	

𝑃
𝑑h 𝑥𝑦 

σ°° = 0 
(5.32) 
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𝜏Z° = −
3𝑃
2𝑑 − ÉP−12	

𝑃
𝑑hS

𝑦A

2 Ê = −
3𝑃
2𝑑 	�1 − 4	

𝑦A

𝑑A� 

To provide an understanding into a beam's resistance to bending due to an applied moment 

in terms of its area, the property of moment of inertia, I, which is the second moment of a 

rectangular area is introduced into the stress equations as: 

 𝐼 = µ𝑦A

¶

𝑑𝐴 = © © 	𝑦A
�
A

��A

𝑑𝑦 𝑑𝑥
�
A

��A

= 	© 	
1
3

�
A

��A

𝑑h

4 𝑑𝑥 =
𝑑h𝑡
12  (5.33) 

For a unit of width, then 𝐼 = �·

jA
, substituting it into the stress equations gives: 

 

σZZ = −	
𝑃𝑥𝑦
𝐼  

σ°° = 0 

𝜏Z° = −
𝑃
2𝐼 	�

𝑑A

4 − 𝑦A� 

(5.34) 

Thus, through applying the Airy stress function, obtaining the stress field in an elastic body 

is simplified to equation (5.34), which is independent of the elastic constants (elastic modulus 

E, Poisson’s ratio n, and shear modulus µ). To express the elastic properties of material into 

the equation for bending of a rectangular beam subjected to end load, the stress-strain relation 

can bring in these constants. Hence, the strains in x and y directions are obtained as follows:   

 

εZZ =
1
𝐸 ÌσZZ − 𝜈	σ°°Í → 	σ°° = 0;		εZZ =

σZZ
𝐸 = −

𝑃𝑥𝑦
𝐸𝐼  

ε°° =
1
𝐸 Ìσ°° − 𝜈	σZZÍ → 	σ°° = 0;		ε°° = −

𝜈	σZZ
𝐸 =

𝜈𝑃𝑥𝑦	
𝐸𝐼  

𝛾Z° =
𝜏Z°
𝜇 = −

𝑃
2𝜇𝐼 	�

𝑑A

4 − 𝑦A� 

(5.35) 

Given that concerned stresses and strains are now defined, the corresponding total strain energy 

equation (5.20) of a beam subjected to spatially-varying moments M(x) becomes: 
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 𝑈¯ =
1
2© ½(σZZ	𝜀ZZ) + (2	𝜏Z°	𝛾Z°)¾	𝑑𝑉

¬
 (5.36) 

by substituting equation (5.35) into it: 

 𝑈¯ =
𝑃A𝑎h𝑑h

24	𝐸𝐼A É
1
3 +

1
5 (1 + 𝜈) P

𝑑
𝑎S

A

Ê (5.37) 

and substituting equation (5.13) of load with known displacement as P = (3d E I /a3) into it: 

 𝑈¯ =
3𝛿A𝐸
8 É

1
3	P

𝑑
𝑎S

h

+
1
5 (1 + 𝜈) P

𝑑
𝑎S

k

Ê (5.38) 

Therefore, the strain energy release rate, G, is expressed as: 

 

𝐺 = −
𝑑𝑈¯
𝑑𝑎 =

3𝛿A𝐸𝑑h

8𝑎¹ +
3𝛿A𝐸𝑑k(1 + 𝜈)

8𝑎Ï

=
3𝛿A𝐸𝑑h

8𝑎¹ É1 + (1 + 𝜈) P
𝑑
𝑎S

A

Ê 

(5.39) 

As it can be seen when a >> d, the case of the slender beam, the Timoshenko beam converges 

to the Euler-Bernoulli beam36,154,155. The divergences between the calculated strain energy 

release rates by both theories would intensify by reducing the beam’s aspect ratio or if the ratio 

of the shear modulus to the elastic modulus is large. Therefore, from a dynamic point of view, 

the Euler-Bernoulli beam is relatively stiffer than one of the Timoshenko beams. 

5.2.1.2 Rotation Effect 

The accuracy of the Euler–Bernoulli beam model can be improved by taking into account 

the shear deformation effects in the analytical solution, as the Timoshenko model proposed. 

However, in classical beam theories, the DCB is assumed to be composed of only one upper 

part—consisting of two beams—as has been addressed in the beam theory solutions. 

In fact, during the crack propagation under the fixed displacement condition, the DCB 

consists of a pair of beams that are clamped to a non-rigid foundation at the crack tip (Figure 

5-7). The upper part of the sample (-a £ x £ 0 in Figure 5-7) shows the deformation behaviour 
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and increases in size with the crack advancement. The lower part (0 £ x £ c in Figure 5-7) 

represents the uncracked portion of the DCB—which becomes smaller simultaneously with 

crack growth—that serves as an elastic foundation to support the beams. This presence of an 

elastic foundation allows the beams to have relative rotations and displacements at the crack 

tip and ahead of it. 

 

Figure 5-7. Schematic illustration of the DCB sample showing the deformation of the cracked part in 
the upper region as a cantilever beam and the uncracked part in the lower region as an elastic 
foundation. 

Ripling et al.231 introduced the root rotation phenomenon in the DCB system by noting that 

expressions of the Euler–Bernoulli and Timoshenko beams gave smaller deflections than 

experimental values. The researchers ascribed this to not taking into consideration the rotations 

of the beams that occur at the crack tip. They also proposed a correction to the calculations by 

increasing the measurements of the crack length by a fixed amount. However, they did not 

provide an analytical approach to compute this crack length correction. 

Shahani and Fasakhodi further developed this rotation concept232 by presenting an analytical 

treatment for a DCB system, under the displacement condition, that involved the beams’ shear 
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deformability and the effect of root flexibility at the crack tip and in front of it. The governing 

expression for the beam deflection w in their solution is obtained as  

 
𝑑¹𝑤
𝑑𝑥¹ + �−

2(12 + 11𝜈)
5𝑑A

𝑑A𝑤
𝑑𝑥A +

24
𝑑¹ 𝑤�𝐻

(𝑥) = 0 (5.40) 

where d is the beam thickness and n is Poisson’s ratio. To solve equation (5.40), the two regions 

of the cracked and uncracked portions of the beam are considered separately. Accordingly, the 

solution of the differential equation above is 

 

⎩
⎨

⎧𝑑
¹𝑤j
𝑑𝑥¹ = 0																																																																				 − 𝑎 ≤ 𝑥 ≤ 0

𝑑¹𝑤A
𝑑𝑥¹

+ −
2(12 + 11𝜈)

5𝑑A
𝑑A𝑤A
𝑑𝑥A

+
24
𝑑¹
𝑤A = 0											0 ≤ 𝑥 ≤ 𝑐

 (5.41) 

These equations can thus be solved as 

 

𝑤j(𝑥) = 𝑟j
𝑥h

6 + 𝑟A
𝑥A

2 + 𝑟h𝑥 + 𝑟¹ 

𝑤A(𝑥) = 𝑟k sin 𝜂𝑥 . sinh 𝜉𝑥 + 𝑟Ï sin 𝜂𝑥 . cosh 𝜉𝑥 + 𝑟Ø cos 𝜂𝑥 . cosh 𝜉𝑥

+ 𝑟Ù cos 𝜂𝑥 . sinh 𝜉𝑥 

⎩
⎪⎪
⎨

⎪⎪
⎧
𝜉 =

(24)
j
A

𝑑
cos Û

1
2
tan�j f

600
(12 + 11𝜐)A

− 1Ü																																																					

𝜂 =
(24)

j
A

𝑑 sinÛ
1
2 tan

�j f
600

(12 + 11𝜐)A − 1Ü																																																			

 

(5.42) 

Although Shahani’s solution offers valuable theoretical insights into the fracture mechanics 

of the DCB sample, the application of their analytical expression is rather limited because of 

its complexity. This contrasts with Williams’s approach,233 which simplified the solution for 

the linear-elastic behaviour at the crack tip and ahead of it by analysing the rotational effects 

of a DCB system resting on an elastic foundation. His mathematical formulations account for 

orthotropic material behaviour by including the rotational stiffness properties of the elastic 

foundation. Williams concluded that root rotation is due to shear stiffness, causing the DCB 
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sample to deviate from the cantilever beam theory. His proposed correction for the root rotation 

of DCB involves replacing the actual crack length, a, with an effective crack length (a + cd), 

where d is each beam thickness and χ is a constant that depends on the elastic parameters of 

the material. The value of χ can be determined as 

 

𝜒 = Þ 1
18𝐾 P

𝑎ÏÏ
𝑎jj

S É3 − 2 P
Γ

1 + ΓS
A
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j
A
 

Γ =
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𝑎ÏÏ
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𝐾 =
10(1 + 𝜈)
12 + 11𝜈  

(5.43) 

where, a66, a11, and a22 are the elastic parameters for the orthotropic case, K is a parameter used 

to correct for the distribution of the shear stress, and n is Poisson’s ratio. With the aid of 

numerical solutions,233 the value of χ is found to be approximately 0.67.  

Thus, for the sake of simplicity, to compute the fracture energy quantities in this work, we 

adopted Timoshenko beam theory to account for the shear deformability of the beams enhanced 

with Williams’s solution for effective crack length to capture the rotation deformation at and 

in front of the crack tip. 

5.2.1.3  Geometrical Asymmetry Effect 

The dissipation rate with a crack length of the total strain energy stored equates to fracture 

energy during stable crack propagation, as deduced from equation (5.39) and (5.43). In an ideal 

condition of perfect symmetrical DCB geometry, this total strain energy may be simply 

determined by being twice the strain energy stored in one beam. However, the results show 

that the thickness of the two beams are subtly asymmetrical due to the experimental challenges 

in fabricating this small length-scale. 
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Several factors can also account for the overall asymmetry of the stored energy between the 

two beams. To produce symmetrical bending moments in the two beams, the wedge indenter 

has to be precisely positioned, via the in situ observation, across the central axis between the 

two beams. However, the rigidity of the indentation system can limit the adjustment of 

inadvertent misalignment in the horizontal plane. This would manifest different loading angles 

by the tip, leading to asymmetric beam displacement. Also, the wedge should be sufficiently 

sharp to open up the crack at the maximum stress acting along the notch plane. 

To circumvent these inevitable issues and to increase the reliability of fracture energy 

measurement, each beam was analysed separately, and the total fracture energy was acquired 

by simply adding up the values of the two beams. 

5.2.1.4  Taper Effect 

Taper angle can be manifested during FIB machining of microfeatures. However, additional 

fabrication steps were taken in this investigation for the milling approach (Section 3.2.3.1) in 

order to produce final DCB geometries with minimal tapering. Therefore, the data analysis was 

based on taper-free geometry. 

5.2.1.5 Accuracy of the Corrected Elasticity Analysis 

Accuracy of the proposed corrections to the elasticity theory analysis was assessed and 

compared for beam theory analyses of Euler-Bernoulli, Timoshenko and the corrected 

Timoshenko for the rotation effect through an isotropic linear elastic finite element analysis 

conducted in Abaqus (Figure 5-8a) using four-node bilinear plane strain elements with reduced 

integration (CPE4R); the convergent mesh is depicted in Figure 5-8a. The analytical energy 

release rate based on Euler-Bernoulli, Timoshenko and the corrected Timoshenko for the 

rotation effect analyses were then compared to the predicted energy release rate computed by 

finite element analysis. An isotropic analysis was used because accurate shear modulus data is 
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currently unavailable, hence the effect of shear could be greater than depicted, and the same 

material properties were applied in all models. The length of the sample was 10 µm, and the 

height of each beam arm is 1 µm. The right end of the finite element model was fixed in all 

degrees of freedom, and opening end displacements were applied symmetrically at the left end 

of the model. Assessment of the analytical models required pairs of crack length and beam end 

displacements corresponding to a prescribed fracture energy, in this case taken to be GIC = 6 

J/m2. The virtual crack closure technique (VCCT), which computes the energy release rate as 

the work done by the stress ahead of the crack acting through the crack opening displacement 

that would occur if the crack were allowed to advance by a unit length, was used to determine 

pairs of crack length and beam displacement corresponding to stable crack growth at the 

prescribed fracture energy, GIC = 6 J/m2. These were subsequently applied to a finite element 

simulation to compute the predicted energy release rate G versus crack length a (to facilitate a 

direct comparison between the finite element analysis and the analytical models with the same 

crack length and beam end displacements input). Results are shown in Figure 5-8b, which 

demonstrates that uncorrected Euler-Bernoulli and Timoshenko analyses overestimate fracture 

energy as they overlook the contribution of end beam rotation by assuming smaller beam 

deflections than actual ones. However, enhancing Timoshenko solution to include the effect of 

root rotation at the crack tip is in close agreement with the predicted fracture energy by the 

finite element analysis as illustrated in Figure 5-8b; therefore, this analytical approach was 

implemented for quantifying fracture energy in this work. 
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Figure 5-8. a) The finite element model. Crack opening and contours of opening stress are shown for 
the finite element model used in conjunction with the VCCT approach to determine crack length and 
beam end displacement pairs corresponding to GIC = 6 J/m2, for input to analytical models and a 
separate finite element model for comparison. b) Analytical and finite element models compared. 
Predicted energy release rate versus crack length is shown for the same pairs of applied beam end 
displacement and crack length corresponding to a 6 J/m2 fracture energy. 

 

5.3  Analytical Solution: Measurement of 

Fracture Energy 

Once the local elastic modulus E is obtained from the micro-compression tests in chapter 4, 

determining the fracture energy becomes feasible via the direct measurement of beam width d, 

crack length a and maximum displacement δ, as shown in equations (5.39) and (5.43). The 

anisotropic Poisson’s ratios of cortical bone are 0.19 for longitudinal direction and 0.09 for 

transverse direction234. The measured values of fracture energy were then converted to the plain 

strain fracture toughness using equation (2.1). 

SEM images (taken during the in situ experiment) were utilised to measure the average 

distance from the crack initiation point to the external edge of different points along the height 
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of a beam, thus constituting the measurements of each beam width. In a similar manner, the in 

situ SEM images were processed to determine crack length and beam displacement using 

custom-written MATLAB scripts to improve the accuracy of the measurements. The parent 

script file contained commands and nested functions compiled in order to pass multiple output 

variables to the parent file. 

First, a MATLAB function (VideoReader) was used for reading and encoding the test video 

to frame number and rate, and then the processed data was returned as individual grayscale 

images in a stack to be called by the next function. Then, a child script was used to crop edges 

and irrelevant objects out of the frames, which effectively increases the focus on the tested 

area. Next, in order to overcome issues such as image drift, which is common with sample 

charging or substrate compliance, a built-in MATLAB image processing function was used to 

align all frames. This was carried out by cross-correlating a selected region in all the frames to 

spatially match to one in the initial frame. Subsequently, in a similar cross-correlation manner, 

the maximum displacement δ was measured by tracking changes in the position of the DCB 

edge along the crack initiation level compared to that of the first frame. This was accomplished 

by selecting the representative edge position on the first frame, which then translates to a 

horizontal grayscale line throughout the DCB edge. The intensity distribution along this line 

was then estimated and processed for cross-correlation to eventually obtain the displacement 

of each frame. Lastly, the crack length was determined by clicking on the crack tip on each of 

the contrast-enhanced frames, which in turn specifies its pixel positions in the image domain. 

The position of the pick-up point used to determine the crack tip is subjected to limited variation 

within an estimated variance of 10 pixels based upon experimental measurement error. Such 

variability was taken into account in the fracture energy analysis using a Monte Carlo-based 

error propagation analysis as discussed in the next section. It should be noted that all 
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measurements taken from SEM images were corrected for projection distortion which results 

from the tilt of the nanoindenter stage for 30° with respect to the optic axis. 

5.4  Statistical Analysis 

To evaluate the propagation of error into the experimental measurements of fracture energy, 

the Monte Carlo approach was utilised. This adapted analysis method is based on computing 

the output of a functional relationship repeatedly, with chosen input variables that are 

associated with appreciable degrees of uncertainty in order to produce probability distributions 

of the targeted outputs235,236. The resulting combined distributions of each test of Monte Carlo 

analysis serve as the basis for comparison between all DCBs.  

The equations of fracture energy, equation (5.39) and (5.43), consists of several variables, 

each of which has an empirically acquired value. Such derived values must also have comprised 

uncertainties and thus should not be evaluated as constants. Any such uncertainty—associated 

with systematic and random errors—must also propagate through the functional relationship 

and contribute to the cumulative uncertainty of the measurement. Therefore, the input variables 

chosen were those that plausibly contribute to the spread in the distribution of the results, as 

illustrated in Table 5-1 and Figure 5-9. 

The procedure for estimating and expressing uncertainty of each experimental test may be 

summarised as follows: uncertain inputs and the Gaussian probability distribution associated 

with each of them were specified. For each input, a random value was selected from its 

predefined probability distribution. This process was repeated a thousand time to form a set of 

simulated results as an output. Then the mean and standard deviation of these outputs were 

computed (Figure 5-9). Finally, the cumulative mean and standard deviation associated with 

the various output quantities were then produced and considered as the respective estimates of 
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each test measurement and standard uncertainty for each test. Statistical analysis was 

performed using a custom MATLAB script. 

Table 5-1. Variables associated with uncertainty were used for the Monte Carlo-based error propagation 
analysis to obtain a Gaussian distribution with a standard deviation. These variables and uncertainty 
quantity were assigned based on either predicted experimental measurement error correlated with them 
or the standard deviation reported for a variable. For each test, the centre of each distribution is the 
average measurement, while the standard deviation is the margin of experimental error. The variable 
terms are defined as follows. 

Variable Depiction 

Uncertainty 

(Standard 

deviation) 

Pixel to 

micron 

Refers to the pixel to micron conversion ratio obtained from the scale bar 

on the test image  
1 pixel 

Disp L and R 

Refer to the displacement measurement of the left and right cantilever 

that is used to account for the bending of the cantilever and not corrected 

during image registration 

0.5 pixel 

Viewing 

angle 

Refers to the correction factor for foreshortening of the recorded SEM 

images with respect to the axis of the mechanical stage  
3° 

Young’s 

modulus 

Refers to the average uncertainty in the calculated elastic moduli in the 

microcompression tests  
5 GPa 

Poisson’s 

ratio 
Refers to the uncertainty in the reported Poisson’s ratio  10% 

Cantilever 

widths L and 

R 

Refer to the measured cantilever thicknesses  2% 

Crack tip 

position 

Refers to the uncertainty associated with a chosen point for the crack tip 

to obtain the real crack length  
10 pixels 
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The average of all the mean values of the measured crack increments (equation (5.44)) 

provided the total mean for each DCB’s fracture energy. The correspondent standard error of 

the respective DCB (represents the measurement spread) was approximated by taking the 

square root of the summed squared standard deviation for every crack increment divided by 

the square root of the total number of crack increments (equation (5.45)). 

 𝑋àe�á	âaã =
1
𝑁å𝑋à��á	R]YRæ

ç

 (5.44) 

where 𝑋àe�á	âaã represents the total mean value of fracture energy for the ith DCB, N is the total 

population size of crack increments for the ith DCB, and 𝑋à��á	R]YRæ is the mean value of fracture 

energy for the nth crack increment computed by the Monte Carlo process. 

 𝑆𝐸	(𝑋àe�á	âaã) = 	f
1
𝑁å[𝑆𝐷	(𝑋à��á	R]YRæ)]A

ç

 (5.45) 

where SE is the total standard error of the ith DCB mean (𝑋àe�á	âaã), SD (𝑋à��á	R]YRæ) is the 

standard deviation for the nth crack increment calculated by the Monte Carlo analysis. 

Figure 5-10 displays the result of the error propagation analysis for a DCB. The standard 

deviation for the nth crack increment SD (𝑋à��á	R]YRæ) is represented by the blue bar, while the 

red dot shows the mean value of fracture energy pertaining to each crack increment 

(𝑋à��á	R]YRæ). 
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Figure 5-9. Gaussian distribution of different variables for one of the longitudinal WT DCBs. The 
Monte Carlo error propagation method was applied to generate probability distributions after placing 
the random inputs used for the Monte Carlo error propagation analysis.  

 

 

Figure 5-10. Result of Monte Carlo error propagation analysis on the measurement of fracture energy 
with crack length for one of the WT longitudinal DCBs. The blue bar represents the standard deviation, 
while the red dot is the mean value of fracture energy. 

 

5.5  Numerical Simulations: Phase-field Method 

A phase field computational model was performed by Mesgarnejad et al. (unpublished) to 

simulate crack propagation in the bone samples as a function of fracture toughness anisotropy. 
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For a domain 𝛺 ⊂ ℝ� we first introduce the free energy ℱ as the sum of the bulk stored energy 

ℬ and the surface energy 𝒮 required for creation of new cracks 𝛤 ⊂ 𝛺: 

                                               ℱ(𝑢, Γ) ≔ ℬ(𝒖, 𝛤) + 𝒮(𝛤)	                                                  (5.46) 

Here we assume a transversely isotropic linear elastic behaviour where the bulk energy is a 

function of the displacement field 𝑢: 

                                 ℬ(𝑢, 𝛤) ≔ 	∫ 𝒲(𝑢)𝑑𝑉õ∖÷ − ∫ (f� ∙ 𝑢)	𝑑𝑠úûõ
                                      (5.47) 

                                                            𝒲(𝑢) ≔ j
A
𝜎eü𝜖eü                                                      (5.48) 

where  𝜎eü = 𝐶eüæN𝜖æN is the Cauchy stress tensor, and  𝜖eü = Ì𝑢e,ü + 𝑢ü,eÍ/2 is the linearized 

strain tensor. In this work we chose the fourth order constitutive tensor 𝐶eüæN as the transversely 

isotropic elasticity rotated at the fibril’s orientation. 

Also, for a purely brittle fracture, the energy expenditure to form new cracks is a linear 

function of the aggregate length of the cracks in 2-D ℋj(𝛤) or the aggregate surface of the 

cracks in 3-D ℋA(𝛤): 

                                                 𝒮(𝛤) ≔ Gÿ(𝜃)	ℋ��j(𝛤)                                                     (5.49) 

where Gÿ(𝜃) is the fracture toughness of the material for a crack propagating at angle 𝜃 with 

respect to the x-axis. Furthermore, to capture the effect of the fracture toughness anisotropy, 

we assume a simple two-fold fracture toughness anisotropy and write: 

                                         Gÿ(𝜃) = 𝐺R!(𝒜�AsinA(𝜃) + cosA(𝜃))j/A                                  (5.50) 

where we introduce the fracture anisotropy parameter 𝒜 = 𝐺! 𝐺∥⁄  as the ratio of the fracture 

toughness for cracks propagating perpendicular to fibrils over the fracture toughness for cracks 

propagating parallel to them. 

In this article, we used the phase-field method237-239 to simulate the crack propagation in the 

specimens and validate the experimental observations. The phase-field method replaces the 

crack set 𝛤 with a smeared phase field 0 ≤ 𝜑 ≤ 1 introducing the process zone length scale 𝜉. 



    
 

 160 

                                                                    Microscale Fracture Testing of Bone       5     

The phase-field is 𝜑(𝑥) = 1 for the pristine material and 𝜑(𝑥) → 0, 𝑥 ∈ 𝛤. We write the 

approximate free energy ℱ'  as the sum of approximate bulk ℬ'  and surface energies 𝒮': 

                                            ℱ'(𝑢,𝜑) ≔ ℬ'(𝑢,𝜑) + 𝒮'(𝜑)	                                                (5.51) 

To capture non-interpenetration at the crack tip and forbid crack formation due to pure 

compressive volume change, extending work by Amor et al.240, we separate the approximate 

bulk energy into two parts and write: 

                     ℬ'(𝑢,𝜑) ≔ 	∫ Ìg(𝜑)𝒲)(𝑢) +𝒲�(𝑢)Í𝑑𝑉õ − ∫ (f� ∙ 𝑢)	𝑑𝑠úûõ
                    (5.52) 

                                      𝒲)(𝑢) ≔ j
A
𝜎eüâ: 𝜖eüâ +

j
A��

H(𝜎ææ)𝜎ææ𝜖XX                                     (5.53) 

                                           𝒲�(𝑢) ≔ j
A��

H(−𝜎ææ)𝜎ææ𝜖XX                                               (5.54) 

where 𝑥eüâ = 𝑥eü − 𝑥ææ𝛿eü/𝑛 is the deviatoric part of the tensor x, and where H(𝑥) is the 

Heaviside function defined as: 

                                           H(𝑥) ≔ *1			𝑥 ≥ 0
0				𝑥 < 0                                                                  (5.55) 

We also extend the original phase-field framework to account for the two-fold fracture 

toughness anisotropy by writing the approximate surface energy for samples with fibrils 

orientation 𝛼 with respect to the horizontal axis as: 

                             	𝒮'(𝜑) ≔
,�-
¹a.

∫ p/(0)
'
+ 𝜉𝐷eü(𝒜, 𝛼)	𝜙,e𝜙,üqõ 𝑑𝑉                             (5.56) 

where 

                                       𝐷eü(𝒜, 𝛼) = 𝑄eæ(𝛼)𝑄üN(𝛼) 3𝒜
�A 0
0 1

4                                   (5.57) 

and where  

                                                 𝑄eü(𝛼) = 3 cos 𝛼 sin 𝛼
− sin 𝛼 cos 𝛼4                                           (5.58) 

is the rotation matrix. 
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In this work, we use the KKL model239 i.e., 𝑔(𝜑) = 3𝜙¹ − 4𝜙h, 𝑤(𝜑) = 1 − 𝑔(𝜙). We set 

𝜙 = 0 at both corners and the pre-crack tip to allow for initiation of the crack from any of these 

positions. 

Finally, we pose the fracture propagation as a variational problem where at each time step, 

we seek to find displacement field 𝑢 and the phase-field 𝜑, such that they minimize the 

approximate free energy: 

                            𝑢�∗,𝜙�∗ = argmin	ℱ'(𝑢,𝜑)			∀𝑢 ∈ 𝐴�,𝜙� ≥ 𝜙��j                                   (5.59) 

where 𝐴�	is the admissible set of displacement satisfying the Dirichlet boundary conditions 

𝑢 = 𝑢8�  on 𝜕â𝛺. 

Implementation 

The minimization problem is solved using its first-order optimality conditions with respect 

to the displacement field 𝑢 and the phase field 𝜙241: 

                                               
9ℱ:
9�
(𝑢; ,𝜙) = 0	∀𝑢; ∈ 𝐻j(𝛺)                                                (5.60)	

                                                   
9ℱ:
90

(𝑢,𝜑;) = 0	∀𝜑; ∈ 𝐻j(𝛺)	                                           (5.61) 

It is well known that the above governing equations are only convex when one of the fields 

is kept constant, thus we rely on the now classical alternate minimizations algorithm239,241,242. 

To perform the simulations, the displacement field and the phase field were discretized using 

piece-wise linear Legendre and first-order optimality conditions were solved using the Galerkin 

finite element method. Furthermore, both governing equations are nonlinear; the elasticity 

system is nonlinear due to the non-interpenetrations conditions and the phase-field equation is 

nonlinear due to the bounds on 𝜑 (i.e., 0 ≤ 𝜙� ≤ 𝜑��j ≤ 1). The resulting systems of equations 

are very large since the process zone is small compared to the other dimensions of the problem, 

and this necessitates using a parallel programming paradigm. Our implementation uses 

PETSc243 for linear and non-linear solvers and libMesh244 for finite element data structures. 
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5.6  Results 

5.6.1 Healthy (WT) Bone 

In this section, the results of the microfracture testing of healthy (WT) bone through DCB 

configuration are presented and discussed with reference to their anisotropic structure. 

5.6.1.1 Fracture Toughness Assessment of WT Bone 

Double micro-cantilever fracture tests were performed to calculate the fracture energy by 

tracking crack propagation path. The local elastic moduli that had been measured earlier by 

micro-compression tests were used for the fracture energy calculations. The results were E = 

40.2 ± 4.1 GPa for the longitudinal orientation and E = 18.6 ± 3.6 GPa for the transverse 

orientation (Table 4-1).  

For five longitudinal pillars, a stable crack propagated down the centre of the pillar (Figure 

5-11a and b). The lateral displacement of the cantilevers and the crack extension for each frame 

were quantified to compute the fracture energy as a function of crack length (Figure 5-11c and 

d), from equations (5.39) and (5.43). The measurements started once the crack was propagating 

in a stable manner and had moved away from the top surface, which was likely an effect of the 

crack initiation process or FIB damage, and terminated once the crack had deviated from its 

vertical path. In most samples the fracture energy was stable as the crack propagated; in some 

cases, the energy dropped to a stable value after the first few measurements. This stable value 

was used to calculate the fracture toughness of the samples to ensure that the measured values 

were not influenced by the crack initiation process or FIB-induced damage. The uncertainty 

propagation coefficient of each error source in the analysis model of fracture toughness was 

estimated using a Monte Carlo approximation. The assessment of error propagation indicated 

that as the crack advanced to a stable manner, the measurement variability reduced, and more 
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reliable fracture energy values were rendered. The computed fracture energy was converted to 

fracture toughness using equation (2.1). The average plain-strain-fracture toughness of 

longitudinal orientation was 0.82 ± 0.05 MPa√𝑚,	 computed based on a LEFM solution 

concept. The size of the plastic zone was estimated from equation (2.5) to be 0.009–0.071 µm 

(Figure 5-12), which was more than two orders of magnitude smaller than the sample size (a 

few micrometres) and consistent with the LEFM approach. 

Some longitudinal specimens adopted various toughening mechanisms, such as deflection 

and fibrillar bridges to resist crack propagation, thereby increasing local toughness. For 

instance, the noted increase of fracture toughness in samples S2, S4 and D1 (Figure 5-11c) was 

due to the formation of fibril bridges (Figure 5-13a), which toughen the bone by resisting the 

crack’s extension. The prevalence of the bridging mechanism occurred as a result of fibrils 

spanning the formed microcrack towards the end of its path in samples S2 and S4 and in the 

beginning of sample D1. Interestingly, after crack initiation, sample S2 had a slightly tortuous 

crack path that gave rise to an increase of toughness before it experienced toughening through 

fibril bridging towards the end of its crack path. Once a crack had become slightly blunted (a 

tortuous crack path) followed by a local arrest, more stress is needed to reinitiate cracking, 

which can result in an increase of toughness. The most notable rise of fracture toughness in 

Figure 5-11c is measured in samples S3 and S5, due to the presence of structural features or 

defects (in the end and beginning of the crack path in S3 and S5, respectively) ahead of the 

growing crack that hinder its advancement (Figure 5-13b). Such uncracked regions ahead of 

the crack tip can carry a substantial load that is otherwise used to drive the crack, and the 

crack’s extension proceeds deeper into the sample once the local stress field is sufficient to 

overcome the resistance. 
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Figure 5-11. Analysis of micro-cantilever fracture tests (a) A longitudinal DCB specimen exhibiting 
straight crack growth behaviour for the duration of the test. Scale bar: 1 µm. (b) A sequence of in situ 
images of bones fractured in the longitudinal direction and imaged by SEM, showing the propagation 
of the crack as a function of time as the wedge tip slowly advances the crack. Scale bar: 1 µm. (c) The 
crack resistance curve showing fracture toughness measured as a function of crack length for seven 
longitudinal samples. S1–5 displays a linear straight crack growth, whereas D1–2 shows linear path 
follows by a crack deviation as a result of an altered microstructure; measurements only reflect the 
straight path. Some samples demonstrate a rise in the fracture toughness measurement due to 
toughening mechanisms such as fibril bridging shown in Figure 5-13. (d) Average plain-strain-fracture 
toughness of each tested longitudinal DCB. The error bar represents a standard deviation that was 
approximated using Monte Carlo error propagation analysis. 

 

Figure 5-12. Plastic zone measurements of the WT samples. Maximum crack length, thickness and 
ligament thickness of each tested longitudinal DCB, in comparison to the estimated size of the plastic 
zone. 
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Figure 5-13. Toughening mechanisms at the micrometre scale. Longitudinal DCB samples show 
resistance mechanisms to fracture propagation by (a) fibril bridging and (b) structural features  ahead 
of the crack path that hindered its progress.  

Bright-field TEM images and selected area diffraction (SAED) patterns of the TEM sections 

taken from the DCB samples reveal several deformation mechanisms and their relation to the 

local mineralised collagen organisation. For longitudinal samples, when the crack propagated 

parallel to the long axis of the DCB sample, the mineralised collagen fibrils were aligned along 

the long axis of the DCB sample (Figure 5-14a–c). The (002) arc reflection in the diffraction 

pattern of the longitudinal sections confirmed that the mineral crystals were oriented parallel 

to the long axis of the bone (Figure 5-14d). 

For two longitudinal samples, the crack path propagated in a straight manner, and fracture 

energy was measured until the crack deflected to the DCB edge (Figure 5-14e). Upon 

inspecting the TEM images and the SAED patterns for these samples (Figure 5-14f–i), it was 

evident that the crack path related directly to the local organisation of the mineralised fibrils. 

In the top region of tissue surrounding the straight portion of the fracture, the collagen fibrils 

aligned parallel to the crack axis. The (002) arc in the SAED patterns taken from this region 

(denoted by asterisks; Figure 5-14g) verified the alignment of the mineralised fibrils with the 
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crack plane, although the (002) reflection in the SAED pattern was less intense than that in the 

first longitudinal group (Figure 5-14d), indicating that a larger range of fibrillar orientations 

exists. In the middle region of tissue next to the deviated portion of the fracture, the fibrils were 

oriented at a greater range of angles compared to the crack plane, and the (002) reflection in 

the SAED pattern (region denoted by asterisks; Figure 5-14h) was weaker and misaligned by 

about 20˚ from the crack axis. At the crack tip (region denoted by asterisks; Figure 5-14i), two 

faint (002) arcs were seen in the SAED pattern taken from this area, and the TEM images 

showed two fibrillar arrangements on either side of the crack tip. Taken together, the results 

suggest that the local assembly of mineralised fibrils along the crack plays a critical role in 

determining the crack path. Fracture toughness is constant when the crack extends along a 

straight path, because the driving force is maximised. A deviation from the original route leads 

to a decrease in the local stress intensity at the crack tip77, which requires increased stresses for 

further crack extension, thereby increasing fracture toughness. 

In the transverse orientation, the crack is oriented such that the nominal crack growth 

direction passes through the orthogonal direction from the periosteum to the endosteum and 

perpendicular to the long axis of bone. For the tests on the transverse-oriented DCBs, once the 

crack had been initiated, a rapid fracture propagated in an unsteady manner, deflecting to the 

side and causing a shoulder of the DCB to break (Figure 5-15a and b). This response, seen in 

all samples, made it impossible to measure the fracture energy. However, it is worth noting that 

crack initiation required roughly double the applied load compared to that needed for the 

longitudinal orientation, indicating that more energy had to be stored within each beam to 

initiate the crack, assuming a similar initial defect size. TEM imaging of the transverse samples 

(Figure 5-15c and d) validated that the fibrils were oriented perpendicular to the fracture plane, 

probably blunting the progress of the stable crack. SAED (Figure 5-15e) indicated the 

orientation of the mineralised collagen fibrils, where a faint (002) reflection could be attributed 
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to the crystals being oriented approximately normal to the imaging plane and the bone’s long 

axis. 

 

Figure 5-14. Nanoscale TEM images of the longitudinally fractured DCBs. (a) Bright-field TEM 
micrograph showing the local microstructure of a fractured bone in the longitudinal orientation. Scale 
bar: 0.5 µm. (b) The inset shows that the mineralised fibrils align with the crack. Scale bar: 100 nm. 
(c) The inset of the region adjacent to the fracture displays organised mineralised fibrils. Scale bar: 
100 nm. (d) A SAED pattern indexed to crystalline hydroxyapatite taken from the area indicated by 
an asterisk in (a); the arc of (002) reflection indicates that the c-axes of the mineral crystals are parallel 
to the bone’s long axis, confirming the sample’s longitudinal orientation. (e) An SEM image of a 
longitudinal DCB showing the crack propagating in a straight path and then deflecting to the right. 
Scale bar: 2 µm. (f) Bright-field TEM micrograph revealing the local microstructure of a fractured 
DCB in (e); the regions next to the crack display disorganised mineralised fibrils exhibiting different 
orientations (indicated by dashed red lines), scale bar: 0.5 µm.; the insert shows the local mineralised 
fibrils wrapping around the crack tip; arrow marks indicate fibrillar bridges. Scale bar: 0.2 µm. (g–i) 
Corresponding SAED patterns taken from the top, middle and bottom areas indicated by asterisks in 
(f) produced various diffraction patterns corresponding to the different mineral orientations in the bone 
matrix. 

Although the crack was invariably deflected away from the nominal axis of the transverse 

DCB during the experiment, which prohibited the direct calculation of the fracture energy, the 

behaviour was a strong indication of the role of microstructure in influencing the crack path. 
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The numerical simulations suggest that fracture anisotropy plays a decisive role in the crack 

path and that fibrillar organisation determines fracture toughness anisotropy. 

 

Figure 5-15. Micro- and nanoscale characterisations of the transversely fractured DCBs. (a and b) 
SEM images of two different transverse DCB samples showed immediate crack deflection. Scale bar: 
1 µm. (c) Bright-field TEM image showing the microstructure of a cross-section of the fractured bone 
in (b), the yellow dotted line shows the original outline of the DCB before FIB milling. Scale bar: 
0.5 µm. (d) The inset shows that the mineralised fibrils align mostly perpendicular with the crack. 
Scale bar: 0.2 µm. (e) SAED pattern indexed to hydroxyapatite taken from the area indicated by an 
asterisk in (c); the faint (002) reflection confirms that the c-axes of the mineral crystals are roughly 
normal to crack, thus validating the transverse orientation of the speciemen, while other unresolved 
reflections from different planes form a circle. 

To understand when the anisotropy in fracture resistance will result in crack deflections like 

those observed during the transverse fracture experiments, Mesgarnejad et al. (unpublished) 

performed phase-field simulations of crack propagation against different fibril orientations to 

estimate the degree of fracture toughness anisotropy. The models approximated contact with 

the indenter as a displacement boundary condition, assuming a rigid indenter and that contact 

was maintained at all times. The phase-field method replaces the crack set 𝛤 with a smeared 

phase field, 0 ≤ 𝜑 ≤ 1, introducing the process zone length scale 𝜉. The process zone defines 

the missing length scale in the LEFM, where it represents the length scale at which the 
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microscale fracture processes (e.g., micro-cracking, bridging) happen around the crack tip. The 

phase field is 𝜑(𝑥) = 1 for the pristine material and 𝜑(𝑥) → 0, 𝑥 ∈ 𝛤. The fracture toughness 

anisotropy is characterised by parameter 𝒜 = 𝐺! 𝐺∥⁄  as the ratio of the fracture toughness for 

a crack propagating perpendicular to the fibrils compared to one propagating parallel to the 

fibrils. Figure 5-16 shows simulated crack propagation for a process zone with the size of 𝜉 =

0.1	𝜇m; the horizontal displacement on the crack tips is at 𝑢8Z = ±2_𝐸!/𝐺R±𝐿±, where 𝐸! is 

the elastic modulus measured perpendicular to the fibrils and the sample length, 𝐿± = 10	𝜇m. 

To model the initiation of a crack due to loading by the sample’s wedge indenter, a small 

0.2	𝜇m precrack was included in the model. Fracture toughness anisotropy (𝒜) is defined as 

the ratio of the fracture toughness in the transverse direction to the fracture toughness in the 

longitudinal direction. When 𝒜 = 1, fracture toughness is isotropic; 𝒜 > 1 indicates there is a 

“tough” direction. We examined two cases: (i) fibrils in horizontal direction as expected in a 

transverse sample, and (ii) fibrils at 60∘ with respect to the vertical direction (Figure 5-15c), 

which we found in one of our transverse samples. For the latter case, we rotated the elastic 

constants by 60o. In both sets of phase-field simulations, the fracture toughness anisotropy was 

varied in 1 ≤ 𝒜 ≤ 4. The experimentally observed kink angle for both sets of data is consistent 

with the simulated one for fracture toughness anisotropy of 𝒜~1.5– 2 (Figure 5-16). Through 

the combination of micro-pillar experiments and phase-field simulations, we can estimate the 

fracture toughness anisotropy due to the bone’s microstructure as an emergent continuum-level 

material property. 
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Figure 5-16. Phase field computational model of crack propagation. (a) Simulation snapshots for 
increasing the fracture toughness anisotropies parameter 𝒜 (the ratio of the fracture toughness for 
vertical versus the horizontal cracks) at the horizontal displacement 𝑢8Z = ±2_𝐸!/𝐺R!𝐿±, where 𝐸! 
is the elastic modulus perpendicular to the fibrils, 𝐺R! is the fracture toughness for a crack propagating 
perpendicular to the fibrils and 𝐿± = 10	µm. The color code represents the nondimensional 𝜎ZZ stress 
where the crack 𝜙 < 1/2 is removed. (b) Comparison of the experimentally observed (𝛼 = 90∘ red 
dashed line and 𝛼 = 60∘ blue dotted horizontal lines) vs simulated initial kink angle (𝛼 = 90∘ square 
and 𝛼 = 60∘ diamond symbols) measured from the phase-field simulations vs. the fracture toughness 
anisotropy 𝒜 clearly suggests a lower bound for the fracture toughness anisotropy 𝒜 ∼ 1.5– 2 for 
these experiments at microscale. 

5.6.1.2 Discussion 

Our results demonstrate that the local orientation has a direct bearing on the strong 

anisotropy in the bone’s resistance to fracture. The crack patterns, relative to the direction of 

the external load, varied depending on the local microstructure and generally followed the local 

fibrillary orientation. 

For the majority of longitudinal samples, regular straight crack paths were observed when 

the mineralised fibrils were oriented parallel to the direction of the DCB plane, in comparison 

to fibrillary structures oriented normally or obliquely to the DCB axis. It is apparent that the 

crack pattern depends on the angle between the fibril’s long axis and its longitudinal plane. 

Consequently, a deflected crack was demonstrated when fibrils exhibited inhomogeneous or 

normal orientations to the crack plane. 
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The dominant toughening mechanisms in the longitudinally  oriented bone at the micrometre 

length scale were found to be governed by deflection (Figure 5-14e-i) and fibril bridging 

(Figure 5-13), which is consistent with what has been suggested in previous studies245,246. It 

has been previously predicted by numerical computations247 that fibril bridging gives 

toughness an increase by ∼0.1 MPa√m for a single propagating crack along the longitudinal 

orientation. 

Regarding the case of transverse orientation, the preferred microstructural path was oriented 

perpendicularly to the bone’s long axis. Hence, the preferred driving force path occurred at 

opposing angles from the crack propagation route. This arrangement caused the transverse 

DCBs to display a distinct response to the fracture that was attempting to propagate by 

immediately diverging it towards the specimen edge. A possible interpretation of this behaviour 

is that the transversely organised fibrils acted as structural barriers that impeded the crack 

development in a straight manner. Although this event limits the feasibility of calculating the 

fracture energy, the degree of toughening in the transverse orientation is expected to be larger 

than the crack resistance mechanism along the longitudinal direction. This deflection 

phenomenon was found by bulk mechanics tests248 to increase the macroscopic fracture 

toughness fivefold in the transverse direction compared to that in the longitudinal direction. 

Intriguingly, Mesgarnejad et al.’s numerical simulation findings suggest that anisotropy plays 

a decisive role in the crack route—that is, when fracture toughness anisotropy is decreased, the 

crack trajectories become increasingly more vertically aligned. Conversely, raising the 

anisotropy leads to an increase in the deflection angle of the crack, which reflects the 

experimental observations for transverse specimens. The number of experiments (n=7 for 

longitudinal orientation and n= 4 for transverse orientation) was sufficient to capture the 

microscale anisotropic response in fracture toughness. This view has also been supported by 
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other studies that demonstrated the prevalence of bulk bone anisotropy through different 

mechanical tests82,249-253. 

The current findings show that measurements of fracture toughness at the length scale of 

collections of mineralised fibrils in these DCBs are considerably lower than previous 

macroscopic results in the literature. This was expected due to the absence of extrinsic 

toughening. The initiation toughness of bulk cortical bone has previously been measured with 

a range of values as 2–3.5 MPa√𝑚225,250,253. Because the elastic modulus varies across diverse 

bone types, a more precise comparison should be limited to the initiation toughness reported 

for an animal model similar to the one used in the current study, which was found250 to be 

~2MPa√𝑚	for initial macroscopic crack propagation in longitudinal mouse bone. This slight 

difference is expected because structural hierarchy plays a significant role in augmenting bone 

fracture toughness in larger tested volumes, where crack extensions are over several orders of 

magnitude larger (hundreds of microns) and multiple extrinsic toughening mechanisms become 

active, leading to higher fracture-toughness values and a rising crack-growth resistance curve. 

These samples were tested in dry, vacuum conditions, which strongly influence fracture 

toughness; as it is known, dehydration leads to underestimation of the true prevalence of 

fracture resistance21,84,95,103,174,254. 

5.6.2 Osteopontin-Deficient Bone 

In this section, we present and discuss the results of the micro-fracture testing of OPN-

deficient bone through DCB configuration with reference to their altered structure. 

5.6.2.1 The Structure of Osteopontin-Deficient Bone 

Recent research has shown that NCPs are instrumental in the formation of bone’s 

structure22,30,58. Conceptual models have proposed that the spatial organisation of NCPs within 

the bone matrix positions them as structural components that may dictate the bone’s proclivity 
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to fracture30,35,58,80. These models suggest that in the context of the constituents’ interfaces, 

NCPs adhere them together to resist the interfacial detachment of the mineralised fibrils and 

subsequently improve toughness35,58,80. The effect of inhibiting complete or individual NCPs 

can spread throughout the hierarchical scales in bone and hinder its mechanical properties—in 

particular, ductility58. Removal of NCPs from the bone matrix is correlated with deleterious 

alterations to the degree of mineralisation255, microdamage accumulation69 and collagen fibril 

architecture256. Structural changes of the fibrillar arrays have been revealed to affect bone’s 

strength257. By contributing to matrix arrangement, NCPs can influence bone’s material 

properties and eventually bone’s fragility58. Therefore, elucidating the role of NCPs in bone 

mechanics through their impact on its structure may be the key to identifying the role of NCPs 

on matrix quality. 

Morphological modifications in the OPN knockout model suggest that NCPs may play 

integral parts in the mechanical response of bone by affecting bone’s heterogeneity. Through 

TEM analysis, Depalle et al.207 (unpublished) demonstrated that the organic ultrastructure in 

demineralised microtomed sections of OPN-/- exhibited localised disorganised areas of fibrillar 

collagen in comparison with the demineralised WT tissue, which showed an overall alignment 

of collagen matrix (Figure 5-17). The organic matrix of osteopontin-deficient bone showed 

three characteristics: 1) organised fibrillar collagen (Figure 5-17b) similar to WT; 2) 

misaligned arrangement of interfibrillar collagen with no apparent evidence of the 

characteristic periodic banding pattern (Figure 5-17c); and 3) noticeable loss of the collagen 

fibril assembly that appeared as a non-fibrous mesh region situated between organised fibrillar 

collagen207. These deleterious changes in the OPN-/- structure are also reflected in the nanoscale 

quality of collagen fibrils, exhibiting unraveling of the fibril’s bundles (Figure 5-17e and f)207. 

The study of Depalle et al.207 also examined the mineral level by analysing the X-ray diffraction 

(XRD) patterns of the bone tissues using the Scherrer equation showed no significant difference 
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between the crystal length (002 axis) in the OPN-/- and WT tissues (14.40 ± 0.44 vs. 14.98 ± 

1.33 nm, respectively)207. Nonetheless, the OPN protein has been shown to contribute to the 

earlier stages of matrix mineralisation79,108. Using TEM nanodiffraction patterns, the 

orientation of mineral crystals was found to follow the orientation of the underlying collagen 

fibrils in all samples of WT and OPN-/-, supporting the general notion that the collagenous 

matrix serves as the template for mineral deposition258. However, the overall organisation of 

minerals in the OPN-/- tissue was lessened compared with that of the WT tissue, as has 

previously reported using aBMD and qBSE79. Depalle et al.207 suggested that although the 

collagen fibrils showed localised disorganisation in the OPN-/- tissue, the orientation of mineral 

crystals still adhered to the fibril’s long axis207. Therefore, the disassembly of the fibrillar 

collagen in the absence of OPN critically disrupts the mineralisation, resulting in mineralised 

patches. 
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Figure 5-17. TEM images of demineralised bone matrix of (a) WT and (b-f) OPN-/- tissue. The organic 
matrix of osteopontin-deficient bone revealed three characteristic attributes: (b) organised fibrillar 
structure, (c) disorganised fibrillar structure, (d) and disorganised non-fibrillar matrix located between 
banded collagen, which was consistently observed in all OPN-/- samples. The black circular features 
(white arrowheads) represent bone canaliculi. (e) and (f) show collagen fibrils unwinding (white 
arrowsheads) to completely unravel (black arrowheads).207  
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From a simulation modeling point of view207,225 (Figure 5-18a-f), the OPN protein is an 

integral component of the fibrillary organisation’s structural integrity. It has been 

suggested207,225 that OPN forms a glue that suppresses the fibrils from unwinding before and 

during mineralisation. It was proposed207 that OPN deficiency causes the collagen fibrils to 

dissociate during the organic matrix formation and before mineralisation, leading to a sparse 

fibrillary network tied together by intermolecular crosslinks. A schematic representation 

(Figure 5-18g) depicts the deformation mechanism of fibrils near failure as interfibrillar 

bonds break. 

 

Figure 5-18. Simulation model of the OPN function in collagen fibril mineralisation. In WT tissue 
(a–c), OPN provides an aligned assembly for the fibrillary matrix (a and b) that supports an 
organised mineralisation of the matrix (c). In OPN-/- tissue (d–f), OPN deficiency gives rise to fibril 
dissociation (d); the packing of the sparse fibrils becomes disarrayed (e) and the disorganised fibrils 
also disrupt mineralisation of the matrix (f).207 A schematic representation (g) suggests how the 
fibrils might deform during external loading of compact bone as interfibrillar bonds break, where 
the glue-like bonding matrix of NCPs resists fibrils separation and their sliding relative to each other 
during failure. Adapted from 225, with the permission of AIP Publishing. 

 

The disorganised patches in the fibrillar network appear to spread out the multiscale 

structure of the OPN-/- tissue, as shown earlier in chapter 4, which were observed in SEM 

image (Figure 4-14) and FIB ion milled sections image (Figure 4-15). FIB lift-out section 

confirmed that the localized fibril disassembly is an inherent characteristic of the OPN-

deficient bone as the ion milled sections were not susceptible to the mechanical damage that 
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could be imparted with microtomy. These findings were further supported by plasma FIB-

SEM images (Figure 5-19), where representation of the OPN-/- structure unveils a low-

density collagen mesh at large volume (Figure 5-19b) instead of well-aligned collagen fibrils 

(Figure 5-19a). 

The quality of bone material that influences its mechanistic response takes into 

consideration the composition and organisation of its organic and mineral matrices and the 

prevalence of cortical microarchitecture. Thereby, alteration of bone quality from OPN 

deficiency should critically affect the mechanical integrity of bone, as shown in Table 2-2. 

A more comprehensive understanding of OPN’s role in affecting fracture toughness at the 

microscale and its mechanistic relation to the nanostructure may improve the prediction of 

fracture risk, as discussed next. 

 

Figure 5-19. Plasma FIB-SEM images of OPN-/- tissue, a mesh-like network of disorganised fibrils 
were observed on a larger length scale and the lamellar structure was not seen. 

5.6.2.2 Fracture Toughness Assessment of OPN-/- Bone 

Double-cantilever beam micromechanical tests were performed in situ SEM on micropillars 

of OPN-/- bone fabricated in the longitudinal and transverse orientations of midshaft cortical 

bone, as described in section 3.2.3.1. The microcompression tests provided the local elastic 

moduli used for the fracture energy measurements as discussed in chapter 4. The results were 
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as follows: E = 14.08 ± 4.1 GPa for the OPN-/- longitudinal orientation and E = 3.7 ± 0.3 GPa 

for the OPN-/- transverse orientation (Table 4-2). 

A total of four transversal pillars were subjected to fracture testing (Figure 5-20). The 

fracture behaviour can be categorised into two groups. In the first group of two samples, the 

short crack extended (~ 0.5-1 µm); then another immediate and oblique crack appeared, 

inevitably, to break the DCB shoulder (Figure 5-20a and b). These vertical short cracks were 

used for the fracture energy measurements because the deflected ones did not follow the LEFM 

solution. It should be noted that measurements from these short cracks possibly underestimated 

the true toughness values, as the deflected crack was also a source of fracture resistance in these 

samples. In the second group of the remaining two transversal samples, a single crack 

propagated in a straight manner until it abruptly deviated to the edge of the DCB (Figure 5-20c 

and d). Examination of the broken shoulder of one of the DCBs by SEM unveiled the existence 

of matrix separation – possibly interfacial bonds breakage, likely facilitated by the absence of 

OPN- (denoted by red arrows in Figure 5-20e) as a potential deformation mechanism. 

Additionally, although fracture toughness was not evaluated from the deviated crack, the 

broken surface from deflection was extremely rough, implying that the corresponding 

resistance to fracture was high. The measurement of fracture energy accounted for only the 

straight crack, which terminated once it had deflected. The average plane strain fracture 

toughness of transversal orientation was 0.045 ± 0.005 MPa√𝑚	(Figure 5-21),	which was 

calculated based on a LEFM solution as per equations (5.39), (5.43) and (2.1). The size of the 

plastic zone was estimated (equation (2.5)) to be 3x10-4 - 0.1x10-4 µm, which is four orders of 

magnitude smaller than the sample size (a few micrometres) and in line with the LEFM 

concept, as illustrated in Figure 5-22. 
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Figure 5-20. SEM images of OPN-/- transverse DCBs post-fracture tests. Two different transverse 
DCBs (TansOPN1 and TransOPN2 in a and b, respectively) show double fractures with short and 
abruptly deflected cracks. Scale bar: 2 µm. SEM images of two other transverse DCB samples 
(TansOPN3 and TransOPN4 in c and d, respectively) show the crack propagating in a straight path 
and then deflecting sideways. Scale bar: 2 µm. (e) A visual SEM inspection of the broken shoulder in 
TransOPN4 in (d) revealed the presence of matrix separtion (denoted by red arrows) as a possible 
deformation mechanism. 

 



    
 

 180 

                                                                    Microscale Fracture Testing of Bone       5     

 

Figure 5-21. Analysis of microcantilever fracture tests of OPN-/- tissue. (a) The crack resistance curve 
shows fracture toughness measured as a function of crack length for four transverse and one 
longitudinal sample. TransOPN1 and TransOPN2 show a double crack growth: an immediate deviated 
crack and a short crack; the latter was used for fracture toughness measurements, whereas the 
TransOPN3 and TransOPN4 display a linear straight crack growth before deflecting. Finally, 
LongOPN represents the measurement of fracture toughness in logitudinal DCB of OPN-/- tissue that 
exhibited a shielding mechanism behind the crack tip. (b) The average plain strain fracture toughness 
of each measured OPN-deficient DCB. The error bar represent a standard deviation that was 
approximated using the Monte Carlo method of error propagation. 

 

 

Figure 5-22. Plastic zone assessment of OPN-/- tissue. Maximum crack length, sample thickness and 
ligament thickness of each fracture toughness measured OPN-deficient DCBs in comparison with the 
estimated size of the plastic zone. 

Figure 5-23 and Figure 5-24 show TEM bright field images and SAED patterns of cross-

sections of the transversely fractured OPN-deficient DCBs of groups one and two, respectively. 
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For the first group of the transverse DCBs that exhibits double cracking, the mineralised 

collagen fibrils were aligned normally to the long axis of the DCB sample and the short fracture 

path (Figure 5-23). The TEM image of a representative structure around the short crack (Figure 

5-23b) showed an organised fibril orientation that ran perpendicular to the crack path. Mapping 

the same area for the principal orientation of the fibrils’ long axes, as seen in Figure 5-23c, 

corroborated this observation. In the middle region of the tissue next to the broken shoulder of 

DCB (Figure 5-23d), no differences were observed in the fibrils’ orientations compared with 

those of the upper portion of DCBs, in which fibrils were oriented in organised transversal 

fashion. The (002) arc in the SAED pattern (Figure 5-23e) from this region (denoted by 

asterisks) corroborated the normal alignment of the mineralised fibrils to the crack plane. 
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Figure 5-23. Nanoscale investigation of the transversely fractured DCB (TransOPN1) of OPN-/- tissue. 
(a) The bright-field TEM micrograph shows an organised local microstructure of a fractured DCB in 
the transverse orientation exhibiting double fracture; double fracture: short and abrupt deflected 
cracks. (b) The area around the short crack and adjacent to the deviated crack [blue boxed region in 
(a)] displays mineralised fibrils aligned perpendicular to the DCB plane. (c) Mapping the area in (b) 
for the principal orientation of fibrils’ long axes verified the transverse fibril orientation. (d) In the 
region of the tissue next to the broken shoulder of DCB [red boxed region in (a)], with the organised 
fibril assembly still conserved, the white strike line is a result of the FIB preparation of the TEM cross-
section. (e) A SAED pattern indexed to crystalline hydroxyapatite was taken from the area indicated 
by an asterisk in (a); the arc of (002) reflection indicates that the c axes of the mineral crystals are 
aligned normally to the long axis of bone, validating an organised transversal orientation of the 
sample. 
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The fibrillar structure of the second group of two transversal samples of OPN-/- tissue, where 

a single fracture propagated before deflecting away from the main axis of DCB, was assessed 

from the TEM bright field images and SAED pattern (Figure 5-24). Visualisation of the local 

structure from TEM images (Figure 5-24a) shows a straight crack path followed by a deviated 

one. Inspection of the region adjacent to the straight portion of the fracture (Figure 5-24b) 

showed that the mineralised fibrils had a highly disorganised orientation. Mapping the same 

area for the main orientation of the fibril’s long axes corroborated this observation (Figure 

5-24c). In contrast, the region before and around the deviated crack tip exhibited aligned fibrils 

in an organised fashion that were perpendicular to the DCB’s main plane (Figure 5-24d). The 

structure of the representative region far from the crack still maintained an organised fibrillar 

assembly transversely oriented to the crack plane (Figure 5-24e). The characteristic periodic 

banding patterns of collagen fibrils was discerned in this region as an indication of the 

organised arrangement of fibrils. The SAED pattern (inset in Figure 5-24a) from the region 

denoted by asterisks showed that the (002) direction of the crystal lattice was aligned normally 

to the crack axis, which is consistent with the TEM observation. 

For the tests on the longitudinally oriented samples of the OPN-deficient bone, at the onset 

of the crack initiation, two DCBs manifested unstable behaviour by demonstrating a 

propagating fracture that abruptly deflected to the DCB edge, leading to the breakage of the 

DCB shoulder (Figure 5-25a). This dramatic response made it challenging to assess fracture 

energy in two samples. A closer SEM insight into the deviated crack of Figure 5-25a uncovered 

the presence of what appeared to be a network of collagen fibril (boxed region in Figure 5-25b) 

before the crack extended to the DCB side. 
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Figure 5-24. Nanoscale characterisation of the transversely fractured DCB (TransOPN3) of tissue 
lacking OPN. (a) Bright-field TEM image showing the microstructure of a cross-section of sample 
demonstrated a vertical fracture path followed by immediate deflection. The inset shows SAED 
pattern taken from the area indicated by asterisks; the arc of (002) reflection denotes that the c axes of 
the mineral crystals are organised and normal to the crack axis. (b) The upper region of the tissue 
around the straight portion of the crack [top red boxed region in (a)] displaying highly disorganised 
fibrils. (c) Mapping the area in (b) for the main orientation of the fibrils’ long axes confirmed the fibril 
misorientation. (d) In contrast, the region before and around the deviated crack tip [white boxed region 
in (a)] shows that the mineralised fibrils align mostly perpendicular to the crack. (e) The region away 
from the crack [lower red boxed region in (a)] demonstrates an organised fibrillary structure 
transversely oriented to the DCB axis. 

In a contrasting micromechanical response, one of the longitudinal DCBs behaved 

differently to the other DCBs by displaying a straight fracture propagation (Figure 5-25c and 

d). A sequence of in situ SEM images of the DCB during testing (Figure 5-26a)—capturing the 

development of the crack as a function of time as the wedge tip slowly advanced on the crack—

demonstrated by imaging that a structural feature or defect was present behind the crack tip 

and acting to shield it from extending further. Plotting the cumulative crack length as a function 

of time (Figure 5-26b) shows that the crack slowly advanced for about 1 µm during the ~ 45 

seconds since the crack had occurred. The shielding effect appears to have prevented the crack 

from significantly growing in a vertical direction and, instead, considerably widened the crack. 

Once the local stress intensity at the crack tip reached the necessary value for the crack to 
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overcome the structural barrier, it advanced at approximately 46 seconds to grow rapidly for 

about 1 µm in ~ 10 seconds. This cracking response was reflected in the fracture toughness 

behaviour (Figure 5-21a). The increasing high fracture toughness originated from a continuous 

resistance to crack development resulting from the crack-shielding mechanism behind the tip. 

When the crack reinitiated by prevailing over the resistance mechanism, it continued to 

propagate vertically, whereas fracture toughness dropped to attain somewhat stable values. The 

average plane strain fracture toughness of this longitudinal DCB was 0.27 ± 0.07 MPa√𝑚	

(Figure 5-21b),	which was computed based on a LEFM solution as per equations (5.39), (5.43) 

and (2.1). The size of the plastic zone was estimated (equation (2.5)) to be approximately 0.024 

µm, which is two orders of magnitude smaller than the sample size (a few micrometres) and in 

agreement with the LEFM concept (as illustrated in Figure 5-22). 
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Figure 5-25. Post-fractography images of the longitudinally fractured DCBs of OPN-/- tissue. a) SEM 
image of one of the two longitudinal samples that exhibited an abrupt oblique crack. (b) A closer 
visualisation of the DCB in (a) shows a fibrillary network with fibril bridges (denoted by red arrows). 
c) One longitudinal DCB shows the crack propagating in a straight path. d) A corresponding higher 
magnification image of (c) displays a regular straight path for the fracture. 
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Figure 5-26. a) SEM in situ images of the longitudinal DCB in Figure 5-25c taken during fracture 
testing with respect to the time of the crack growth and showing a shielding mechanism behind the 
tip. Scale bar: 2 µm. b) The corresponding measurement of the cumulative crack length as a function 
of the time of the crack growth. 

Performing TEM analysis on this longitudinal DCB showed that the crack exhibited a 

straight path (Figure 5-27a). In general, the TEM image displayed altered organisation of the 

mineralised fibrils throughout the pillar. In the top region of tissue surrounding the fracture 

(Figure 5-27b), the fibrillary alignment showed inconsistent orientations coupled with the 

presence of a void-like deformation mechanism in the structure as an indication of interfibrillar 

bond breakage. In the middle region of tissue next to the fracture (Figure 5-27c), the fibrils also 

displayed an inhomogeneous orientation. The almost complete circle of (002) reflection in the 

SAED pattern (Figure 5-27d), taken from the region denoted by asterisks in Figure 5-27a, 

verified that the fibrils were oriented at a greater range of angles than the crack plane. This 

observation was further substantiated by mapping the orientation of the fibril’s long axis 

(Figure 5-27e), which demonstrated no dominant fibrillary alignment. 
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Figure 5-27. Nanoscale TEM charaterisation of a DCB fractured on the longitudinal orientation of 
OPN-deficient bone. a) TEM image of the sample exhibiting a straight crack path shows a globally 
disorganised structure. b) The upper area of DCB [top red boxed adjacent to the fracture [bottom red 
boxed region in (a)]] demonstrates a highly disorginised fibrillary structure. d) Two different SAED 
patterns indexed to hydroxyapatite, top taken from the area indicated by a white asterisk in (a) shows 
a fainted reflection of (002) arc implying roughly normal oriented fibrils to longitudinal crack; while 
the bottom pattern taken from from the region indicated by a red asterisk displays an almost complete 
circle of (002) reflection denoting the presence of many orientations. e) Mapping the area in the white 
boxed region in (a) for the main orientation of fibrils’ long axes validated the fibril disorientation. 

5.6.2.3 Discussion 

Our results show that the OPN protein is an essential component for maintaining the 

mechanical integrity of bone tissue at the length scale of a few micrometers. In fact, the impact 

of OPN deficiency perturbs bone quality at multiple levels. At the microstructural level, 

absence of OPN protein has led to a dramatic reduction in resistance to fracture of its tissue 

compared to that of WT tissue. At the nanostructural level, the altered interfibrillar matrix 

clearly influenced the fibril orientation relative to the direction of the crack path, which 

ultimately affected the mechanistic response. Although, due to the nature of these experiments, 

we cannot be certain about whether fibril orientation was altered by the crack or not. 

For transverse OPN-/- tissue, the DCBs’ micromechanical response either: 1) fractured with 

both a short crack and an abruptly deflected crack or 2) propagated a single crack for a short 
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length before diverting in an oblique path. A possible interpretation of the first groups’ 

behaviour is that an asymmetric stress distribution was not concentrated in the central DCB 

axis to facilitate a single long and straight crack path. This could be indicative of changes in 

the ultrastructure because of the modified NCP matrix, which leads to different structural 

assemblies carrying unevenly applied loads. However, the organised fibril arrangement appears 

to prompt the deflection of the primary crack by bearing significant load. This follows because 

the organised assemblies of fibrils are roughly aligned normally to the crack orientation, which 

makes them act as barriers to blunt a growing crack. The localised defects in the interfibrillar 

matrix, such as reduced cohesion resulting from lack of OPN, most probably enabled the 

emanation of another crack. This crack had potentially carried a smaller applied load. Thus, 

fracture toughness values measured from these short cracks are rather low, most likely because 

of their placement in a compromised region of the OPN-/- tissue. Furthermore, these toughness 

values do considerably underestimate the true resistance to fracture in the sample as the short 

crack was not the sole contributor to toughness, the deflected crack contributed as well. 

For the second group of transversal OPN-/- DCBs, which displayed a propagating fracture in 

a straight path that eventually deflected, the fibril orientation seems to have a bearing on the 

fracture’s mechanical behaviour. We found highly disorganised fibrils in the upper region of 

tissue surrounding the straight portion of the fracture. This could be explained by the 

inhomogeneous alignments of fibrils that potentially allowed the crack to propagate vertically 

with minimal resistance. Thus, the low fracture toughness measured from this region could 

have been imparted from the altered structural organisation. As the fracture extended further 

beyond this structure, the collagen fibrils became transversely oriented to the crack axis in a 

mostly organised fashion. As the crack encountered these aligned fibril arrays, it deviated 

grossly to the DCB’s edge. This diversion of the crack from the straight plane critically lessened 

the local stress intensity at the crack tip and caused energy dissipation. Interestingly, the 
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mineralised fibrils below the crack continued to be conserved in an organised manner. A 

possible reason for the localised regions of disoriented fibrils could be that the fabricated 

location of these DCBs fell between patches of homogenous and heterogeneous fibrillar 

matrices, which is characteristic of OPN-/- tissue. Another likely justification of this altered 

organisation could be attributed to the absence of the OPN protein that gave rise to reduced 

interfibrillar cohesion. 

In the longitudinal direction of the OPN-/- tissue, two micromechanical responses were 

recognisable. The first response demonstrated a rapidly advancing crack in a slanted path 

followed by a perpendicular one. The second response displayed a slowly propagating crack in 

straight path. For the first case, the dissipation of energy through the deviated growing crack 

increased the fracture resistance and eventually resulted in a rough fracture path. These 

observations are in accordance with previous studies where crack deflections have been 

perceived as one of the most potent toughening mechanism operating at the microscale248,259. 

The advancing crack most probably encountered a structural barrier that hindered its further 

progress and blunted it; such a deflection process considerably reduced the local stress intensity 

at the crack tip. It should be noted that difficulties were encountered in obtaining a TEM lift-

out section from these DCBs due to the fragility of OPN-/- tissue, which limited the possibility 

of conducting TEM analysis on these samples. Although this event prevented characterization 

at nanoscale, it is expected that resistance to fracture could be originated from the altered bone 

matrix having either structural defects or fibrillary structure that was oriented in the direction 

opposite to that of the longitudinal DCB. Nevertheless, images by SEM (Figure 5-25b, boxed 

region) show a fibrillary network with unbroken collagen fibrils that seems to bridge the gap 

formed by a crack, which could indicate a toughening mechanism that probably contributed to 

fracture toughness. 
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In one longitudinal DCB of the OPN-/- tissue, a slowly growing and almost straight fracture 

was propagated. This behaviour could be attributed to an uncracked-ligament bridging acting 

behind the crack tip (Figure 5-26). Such a mechanism essentially appears not to increase the 

bone’s inherent resistance to fracture but rather to protect the tip from the applied driving force 

accountable for crack development1. This shielding effect could be classified as an extrinsic 

toughening mechanism, entailing the crack’s existence to operate predominantly in the wake 

of its tip and consequently induce a crack-size-dependent behaviour1. The activation of such 

extrinsic toughening process can slow the progress of a growing crack by carrying substantial 

loads that would otherwise drive the crack deeper into the sample. This resistance to crack 

growth has led to a significant increase in energy dissipation, which was reflected in higher 

fracture toughness values that are dependent on crack size. The TEM images highlighted the 

tissue structure and thus helped to clarify the vertical crack path in this sample, which turned 

out to be greatly disorganised. Thus, highly misaligned fibrils could lower the probability of 

toughening by crack deflection. Such a structure with no well-defined directional collagen 

fibrils in the vicinity of the crack could be attributed to either the location of the DCB in a 

disorganised patch of the OPN-/- tissue or reorganisation in the tissue by fibril dissociation 

under externally applied load due to poor packing of fibrils.  

 The general picture emerging from the analysis is that OPN deficiency dramatically disrupts 

the ultrastructural organisation of the bone matrix, which eventually gives rise to reduced 

fracture toughness that is markedly different from healthy bone. Although healthy bone resists 

fracture propagation through a pronounced anisotropic behavior, OPN-deficient bone exhibits 

much more inconsistent crack patterns that behaves in less anisotropic manner. This apparently 

paradoxical observation seems to originate from the interplay between the degraded bone 

matrix and the toughening mechanisms at the small-length scale, which has been a central 

theme of these experiments. Indeed, the altered OPN tissue has a changeable packing degree 
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of fibrils; correspondingly, the tissue has possibly varied capacity levels for intrinsic plasticity 

mechanisms that promote ductility. Fracture toughness of OPN-deficient bone has previously 

been assessed58 by microindentation tests as ~ 4.3 MPa√𝑚	compared to ~ 5.8 MPa√𝑚	for WT 

bone. Such indentation approach can compound the estimated results and the difference 

between tissues by insensitivity to anisotropy and the inhomogeneous stress state underneath 

the indenter. 

The multiscale characterisation of the structure and mechanical properties in the OPN-

deficient bone offers new insight for elucidating some aspects that lead to global deterioration 

for the mechanical integrity of bone with disturbed NCP matrix. In particular, the lower 

spatially resolved fibril organisation of the compromised tissue, coupled with a corresponding 

lower resistance to cracking, could directly account for OPN-/- bone’s high propensity to 

fracture. The changes in the interfibrillar matrix coupled with bones lacking OPN present an 

interesting view into how variations within the fibrillar structural patterns can influence the 

mechanical properties of bone material. 

5.7  Conclusion 

This first systematic study of bone fracture toughness at the length scale of bundles of 

collagen fibrils correlates bone fracture behaviour to the underlying characteristics of the 

fibrillary structure. In this chapter, an experimental method combining in situ DCB mechanical 

testing was employed to study bone’s resistance to fracture over the scale of a few micrometres, 

Table 5-2, and relate fracture response to the fibril orientations visualized with TEM. 
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Table 5-2. The measured microscale fracture toughness values for WT and OPN-/- bones (Fracture 
toughness ± standard deviation (MPa√𝑚)) 

 WT bone OPN-/- bone 

Longitudinal orientation 0.82 ± 0.05 0.27 ± 0.07 

Transversal orientation — 0.045 ± 0.005 

 

The results indicate that the organisation of bone’s building blocks—collagen fibrils—

influences the ability of bone to resist fracture in the WT tissue, prevailing anisotropic 

behaviour in microscale bone. Most importantly, this study demonstrates the potential of this 

experimental setup to capture relative trends in the micromechanical properties of bone and 

were able to distinguish between different local fibril orientations and organisations in samples. 

Hence, this framework was applied to compare microlevel mechanical properties of 

pathological bone. In this regard, NCP-mediated alterations resulting from OPN deficiency 

cause perturbations to the local microarchitectural packing, which is reflected in deteriorated 

fracture resistance and anisotropy. In summary, although WT and OPN-/- bones represent the 

two characteristics of micro-bone toughness, the latter exhibits localised regions with packing 

properties similar to those of healthy bones. This difference highlights the rising importance of 

exploring the inorganic matrix as well as the interfibrillar interaction between components to 

gain a deeper understanding of the differences in the bone building blocks between healthy and 

compromised bone. 

 

 



 

Chapter 6. Protocol Optimization for 
Determining Fracture Toughness of 

Hydrated Healthy Tissue 
 

 

  



    
 

 195 

                          Experimental Optimisation for in situ testing of hydrated bone    6     

In physiological conditions, bone is a naturally hydrated composite and mainly consists of 

mineral and collagen, each playing a role in its mechanical integrity, as does its 

microarchitecture; mineral and collagen interaction with water is of equal importance to the 

mechanical behaviour of bone. Evidence suggests that water influences bone’s ability to resist 

fracture46,104,260,261. Dehydration increases the brittleness of bone at the bulk scale174 and also 

causes a rise in stiffness across the hierarchical levels of organization21,101,175, as shown in Table 

2-1. 

Despite of the known consequences of dehydration on bone’s mechanical characteristics, 

such as strength96, the contribution of different water compartments to bone fracture toughness 

on the scale of a few micrometres has yet to be elucidated. At the microscale, the characteristics 

of the fibrillary structure have been shown in the previous sections to have a critical influence 

on crack propagation through bone tissue. A detailed description of the relationship between 

the microarchitecture and the function of fracture resistance in conditions similar to natural 

bone is vital for designing biomimetic material and in vivo therapies. However, the method 

previously employed for evaluating the fracture mechanics of a hydrated microscale bone was 

mainly limited to nanoindentation95,103,262. Despite the utility of nanoindentation for 

comparative analysis of a single specimen’s mechanical properties, limitations in terms of tip 

geometry and the choice of the analysis model can impart uncertainty once assessment has 

been conducted for different samples219. More importantly, indentation testing assumes that the 

material’s behaviour is isotropic, but bone is an anisotropic material. Additional drawback of 

the procedure used in previous studies was that all the experiments were performed ex situ by 

a nanoindenter50. Observing and recording the fracture events in real time during in situ SEM-

based tests can help unambiguously pinpoint the exact fracture mechanisms at the micrometre-

length scale. 
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Our results in previous sections have indicated that the DCB framework can capture relative 

trends in the micromechanical fracture of bone. Therefore, to capture the microstructural 

complexities of hydrated bone as well, performing an in situ DCB test for micropillar bone 

specimens in a fully hydrated condition is essential to mimic the physiological state of bone. 

This also requires developing a multistep evaluation protocol for the design of a durable and 

reliable in situ ESEM testing machine to enable the measurement of in situ fracture toughness 

of wet bone. 

 In small-scale testing, this approach is not straightforward because maintaining the 

hydration of the microstructure being probed requires an in situ cooler stage to stabilize water 

gain/loss from the tissue (Figure 6-1), as described in section 3.2.2. Experimentally preserving 

the hydrated status of bone is challenging because of its heterogeneity, particularly the small 

size of the pores and the interconnected porosity of the lacunar-canalicular system, increases 

its permeability1. Thermodynamically, cooling down samples to ~4 °C in conjunction with a 

chamber pressure of ~ 800 Pa enables imaging and analysing specimens in situ at relative 

humidity conditions up to 100%, as shown in Figure 3.4263. This process of sample cooling can 

be achieved by a thermoelectric cooler operating in accordance with the Peltier effect. The 

effect creates a temperature difference in the module by passing electrical current through a 

junction of two semiconductors170. When the current flows, a cooling effect is observed on one 

side of the module while the other side experiences a temperature increase. Mounting the bone 

sample on the cooled side of the Peltier module is a feasible method for altering its temperature 

and, in combination with the ESEM chamber pressure, supplies water condensation to the 

sample. 
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Figure 6-1. Schematic illustration of a house-built Peltier cooled specimen stage for in situ ESEM 
testing. 

In this section, we focus on multiple aspects of the design and development of an in situ 

ESEM micromechanical testing approach for bone tissue. Systematic investigations of various 

methodological options were considered for optimizing in situ testing of hydrated bone 

samples. We suggest potential solutions for improving testing reliability to understand wet 

bone behaviour at a micrometre-length scale. 

6.1  Results 

Femoral mouse bones were dissected and cleaned of soft tissue. The femur was then 

sectioned longitudinally with a diamond saw at low speed. All cross sections were polished 

with increasing grades of carbide paper and then with diamond paste of decreasing slurry sizes. 

Between polishing steps, the samples were cleaned and washed from surface residues. Care 

was taken to ensure that the samples were flat and as thin as possible to guarantee an even 

temperature distribution across the mounted sample on the cooler module. Afterwards, the bone 

sections were attached to the Peltier stage by a conductive thermal adhesive to enhance 

temperature transfer. Dual copper plates (6 mm thickness) were coupled to the module’s back 

side to serve as heatsink to improve heat dissipation efficiency from the hot side of the junction 

and provide further cooling. The system was then affixed by a thermal paste to a copper SEM 

stub to enhance the heat dissipation because a water inlet was not available to be attached to 

the SEM system. A thermocouple was also affixed to the stage after dipping the wire probe 
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into thermal conductive paste. This thermocouple was connected to a temperature monitoring 

unit to allow real-time monitoring and control of the module’s temperature during in situ 

mechanical testing. Subsequently, the system was transferred inside the SEM chamber after 

attaching a switched-mode power supply controller to the Peltier module. Such a controller 

supplies the operating current to the device to ensure the desired working temperature is 

continuously maintained across the module. To reach and maintain the target temperature, the 

applied voltage to the Peltier device was adjusted and controlled via a feedback loop. 

In the first experiment, one of the mouse bone samples was transferred into the FIB for 

machining micropillars under vacuum conditions. Approximately 48 hours before the 

mechanical tests were carried out, the sample was rehydrated with phosphate-buffered saline 

(PBS) solution. Imaging the wet tissue under ESEM showed that bone surface underwent 

morphological changes (Figure 6-2). A possible explanation for this dramatic behaviour can be 

drawn from a recent study264 that evaluated the effect of physiological solutions on human 

dentine, suggesting that biomaterial could release high amounts of organic substance and 

irrigants onto dentine in a time-dependent manner, creating a smear layer. A rinse with 

chemical solution such as sodium hypochlorite could dissolve and re-expose the sample 

surface264. Nonetheless, such chemical treatment can give rise to cytotoxicity and destruction 

of bioactive proteins in bone material. Another possible alternative method to prevent the 

formation of biofilm on the surface of bone is to incorporate in the hydrating solution either 

antibiotics or metal ions such as Ag and Zn to provide resistance against bacterial growth265. It 

should be noted that rehydrating and drying the sample before testing may influence the surface 

chemistry of the mineral crystal and the organic phase. Early Raman experiments on 

dehydrated bone showed that the chemical composition was relatively similar to the reported 

range of the hydrated samples of human bone47. 
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Figure 6-2. ESEM imaging of a) freshly fabricated micropillars on bone sample; b) after treatment 
with PBS for ~48 hours, the surface showing a deposition of smear layer. Scale bar: 15 µm. 

Considering these preliminary results, we modified the experimental design to involve 

rehydrating the bone sample with distilled water, instead of physiological saline, to avoid any 

potential surface damage. Such adjustment can be made by placing the cooled specimen stage 

inside the ESEM chamber at ~4 °C with a chamber pressure of ~800 Pa to reach humidity 

conditions up to 100% for full rehydration of the bone sample in water vapour overnight. Initial 

visualization of the sample showed the hydrated bone pillars (Figure 6-3a); however, during 

the alignment of the wedge tip with the DCB central axis, the micropillar started to display 

volume changes (Figure 6-3b). Allowing the sample to equilibrate under a high vacuum 

conditions for ~5 hours showed that the swelling effect was not reversed from the sample, 

which could imply permanent structural or compositional alterations to the bone tissue. A 

possible rationale for this swelling response could be that the polarity of the vapour 

environment— in which the sample of bone was absorbing— had been affected during electron 

beam imaging. This change might have increased the availability of hydrogen bonds to water 

in the imaged tissue, causing a change of the sample’s volume as was previously 
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suggested84,266. To further confirm this observation, nanoindentation tests were performed next 

to examine the effect of water vapour hydration on bone tissue. 

 

Figure 6-3. ESEM images for a bone micropillar a) immediately taken after overnight rehydration by 
water vapors and b) after about 2 hours, showing swelling only in the upper area exposed to the 
electron beam. 

The same preparation procedure was followed for nanoindentation testing of a single bone 

sample. Tests were first performed on the cooled bone sample that was left inside the ESEM 

chamber at ~4 °C with a chamber pressure of ~800 Pa for overnight rehydration. A set of 

indentations with 10 and 15 mN peak loads were carried out using a Berkovich diamond tip. A 

minimum of three indents were made for each peak load on the sample. A minimum spacing 

of ~15 μm was left between indents to avoid interference of residual stress between 

neighbouring indents. The same sample was then dehydrated by leaving it overnight under a 

high vacuum condition. The exact nanoindentation protocol was followed for testing the dried 

sample. Recorded data from all experiments was exported as load displacement for analysis 

(Figure 6-4). 

Several studies have demonstrated that dry bone is stiffer than hydrated bone46,104,260,261. In 

a comparison of the hydrated and dry state of a sample indented with the same probe geometry, 

hardness values for wet bone were reported to be 30%–35% of those for dry bone46,104,260,261. 
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This hardness difference can be directly observed in the recorded data by having a greater total 

indentation displacement in a wet than in a dry condition, giving smaller hardness values. 

The displacement of an indent was approximated from the load-displacement curve by the 

displacement at zero load at the end of the test. In all cases, the overall deformation is similar 

in rehydrated bone to that in dry bone. That is, under a 10 mN peak load both dry and hydrated 

samples have ~425 nm displacement indentation (Figure 6-4a and c), and under a 15 mN peak 

load both dry and hydrated conditions have displacement indentation of ~575 nm (Figure 6-4b 

and d). In light of these findings, it appears that samples were not rehydrated, and using only 

water is not sufficient for rehydrating bone tissue. Given the thickness of the sample, it is 

plausible that rate temperature changes along the thickness direction differ considerably in the 

same region that temperature gradient exists. This phenomenon leads to varied temperature 

distribution, particularly on the sample surface, and might potentially affect the rehydrating 

process. Also, a full rehydration state for bone sample requires adding a saline solution to 

supplement the tissue with essential inorganic ions. These additions in the extracellular ion 

environment may enhance several functions. The additive of mineral ions has been proposed 

to mediate the interactions between the mineral and collagen constituents of bone267,268. It is 

possible that the inorganic ions provide anchoring sites for water molecules at the surface of 

the crystallite and the collagen molecules to further facilitate matrixes attachment267,268. In 

addition, these rehydrating steps need to take place before loading the sample onto the ESEM 

stage followed by a gentle and gradual evacuating of the chamber to avoid moisture loss in the 

sample. 
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Figure 6-4. Load-displacement curves obtained on a rehydrated bone sample using a Berkovich 
indenter with a peak load of (a) 10 mN and (b) 15 mN. The same sample was dehydrated to obtain 
load-displacement curves after indenting with a peak load of (c) 10 mN  and (d) 15 mN. 

Future research will further develop and confirm these initial findings by using buffered 

saline solution as a medium for rehydrating bone tissue an hour before transferring it onto the 

in situ testing stage to preserve the rehydration state and avoid developing a smear layer on the 

surface. Further testing will examine the critical role of water for the biomechanical properties 

of bone at the microlevel. 

 



 

Chapter 7. Conclusion 
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The goal of this thesis is to characterise bone mechanics at the scale of a few micrometers 

and to correlate it to the underlying structure at the nanoscale by utilising diverse techniques to 

mouse models. This section outlines the key outcomes of each chapter and their contributions, 

which can advance understandings of bone mechanics. 

7.1  Final Outcomes 

Chapter 3- Materials, Instrumentation and Experimental Procedures 

In chapter 3, we successfully implemented an optimisation of the FIB milling technique to 

produce microscale pillars of different bone samples for in situ micromechanical testing (with 

compression and fracture tests). This technique resulted in reproducible micropillars with 

subtle tapering and ion damage in soft bone tissue. This could therefore open a new window 

into isolating structural units among the hierarchical structure of bones to access and study 

them with only minimal contribution from larger features such as pores or osteons. In addition, 

the study developed an experimental protocol to obtain TEM lift-out sections from the fractured 

pillars that allowed the investigation of the fibrillary network in the deformed tissue. This 

fabrication protocol offers the ability to obtain site-specific sections of the mechanically 

deformed bone without the need for embedding or ultramicrotoming, in which changes to the 

tissue ultrastructure could be imparted. On this basis, this protocol can be utilized for different 

applications to correlate structural architecture at the nanoscale with micromechanical 

properties. 

 

Chapter 4- Micro-Compression Tests for Determining Local Elastic Modulus of Different 

Types of Bones 

Chapter 4 assessed the elastic behavior of micron-scale bone material by implementing a 

uniaxial micro-compression method. To improve the accuracy of obtained local elastic 
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modulus from different bone samples, we applied a stress and strain correction method to take 

into account the experimental factors that could influence the stress-strain relation. We 

computed the elastic properties of the longitudinal and transverse orientations in WT and OPN-

deficient bone samples. 

We observed a potent anisotropic behaviour in the WT tissue. The elastic modulus of WT 

bone in the longitudinal direction was much greater than the elastic modulus in the transverse 

direction. The longitudinal elastic modulus of OPN knockout tissue was slightly higher than 

that of the transverse elastic modulus, but substantially lower than the longitudinal elastic 

modulus of WT bone. These findings suggest that the anisotropy in micromechanical properties 

of the OPN-deficient tissue is less due to localised structural disorganisation caused by the 

alterations in the interfibrillar matrix. The measured uniaxial compressive strength of bone on 

the microscale was significantly higher than the reported macroscopic ones due to an isolated 

bone effect. With certain empirical considerations to the stress-strain constitutive relation, the 

micro-compression test can be employed in other applications to determine the elastic 

properties of other micro-scale materials. 

 

Chapter 5- Micromechanical Fracture Tests for Determining Fracture Toughness of Different 

Types of Bones 

In chapter 5, we employed a DCB micromechanical fracture test to measure bone fracture 

energy. This experiment provided a first empirical approximation of the value of fracture 

toughness on the scale of a few micrometers in mouse bone. We acquired this result through a 

stable crack growth with minimal FIB-induced damage and friction effects, compared with that 

noted in other methods for small-scale testing. 

Evaluating the microscale fracture behaviour for WT bone revealed pronounced anisotropic 

fracture properties varying with orientation. Although transversal oriented fracture toughness 
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tests were difficult to quantify due to immediate crack deflection, computational modelling 

suggests that resistance to fracture was higher than that of longitudinal orientation. Inspection 

of the underlying microstructure showed that variations in the crack path were most likely 

influenced by the organisation of collagen fibrils. These insights from studying the microscale 

fracture properties can potentially be translated into developing biomimetic structural designs 

which incorporate potent toughening mechanisms to enhance the synthetic material’s 

resistivity to crack propagation. 

Following the deterioration of the mechanical integrity of bone with diseases through 

understanding underlying disease-related alterations can help elucidate structure-function 

relations in the bone. Chapter 5 assessed the fracture properties of OPN knockout bone to 

determine the implications of this pathology in the fracture resistance and the correlated 

fibrillary architecture. This study demonstrated that bone lacking OPN protein exhibits 

substantially lower microscale fracture toughness, with reduced anisotropic response, 

compared with WT tissue. Nanoscale characterization of the tissue revealed the critical role of 

the collagen fibril alignment and packing on the crack path. These results imply that minerals 

and collagens are not the only determinants of tissue fracture properties, and that the NCPs 

matrix, specifically OPN, is an essential structural component of bone micro-mechanics. For 

this reason, the current gold standard for the assessment of fracture susceptibility by mineral 

density should not be considered the sole indicator of fracture risk. 

 

Chapter 6- Protocol optimization for determining fracture toughness of hydrated healthy tissue 

Fracture is a multifactorial process, the current work has shown its dependent on fibrillary 

architecture, but the role of fibril structure as a function of water remains uncertain. Seeking to 

address this unanswered question, this study has designed an experiment framework to be used 

for in situ DCB fracture toughness measurements of fully hydrated bone tissue. The in-house 
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developed Peltier cooled sample stage is a unique tool for studying such behaviour, in addition 

to maintaining the hydration state during the in situ ESEM testing. We expect that the continued 

progress of this experiment will produce significant insights relating the role of water 

mechanistically to the microscale fracture resistance of bone. Such analysis of hydrated bone 

can provide opportunities to understand potential changes in water content present in aged 

bone, where reduction of water content have been reported269,270. 

7.2  Implications for Future Research 

The results of this thesis raise new questions and possibilities for future research. This section 

suggests future studies that could be conducted to explore and deepen the current understanding 

of bone biomechanics. 

Micromechanical testing by mode I wedge-opening double cantilever beams has shown 

promising results for probing bone’s linear elastic fracture properties at the microscale. The 

application of this approach on a material with ductile characteristics raises intriguing question 

about the nature of mixed mode fractures. Future research could continue to explore fracture 

resistance as a nonlinear phenomenon to elucidate mechanistically the development of 

immediate crack deflection observed in some bone samples. 

In naturally aged bone, the ultrastructure and composition of the bone matrix will rely on 

several independent factors, including collagen fibril, crystal mineral, NCPs, hydration, tissue 

remodelling, and structural deterioration in bone material. The alterations of micromechanics 

in bone tissue demonstrated in the current study are therefore revealed to be a complex function 

of variety of interplay variables. To understand how a vital age-related mechanism such as 

hydration affects fibrillar structural changes in bone, we will independently vary the water 

content and the age of the bone samples. To achieve this goal, this study attempted to optimise 

the DCB experimental setup by equipping it with a house-made Peltier cooled sample stage, to 
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maintain a fully hydrated condition during the in situ testing. Achieving this improved outcome 

is a key factor to vary the water content in aged bone in a controlled manner, to explicitly 

identify the potential role of water in reducing the toughness of ageing bone. The results of 

these experiments can offer a deeper understanding of age-related alterations, which may better 

predict fracture risks in the elderly. 

The current study shed light on the correlation between micromechanical and nanoscale 

structure properties in bone tissue. These findings suggest an intriguing new avenue for 

systematic future research to explore the underlying mechanisms of bone-implant interfaces. 

While an implant can have a profound effect on a patient’s quality of life, it can also fail, often 

by osseointegration. Previous studies have shown that alteration of physicochemical, 

morphological, and biochemical interface mechanisms can affect the integrity of implants271-

273. The unresolved question is: how do these changes relate to the interface’s biomechanical 

and ultrastructure properties? Morphological analysis272 has revealed that the bone-implant 

interfacial layer contains abundant NCPs, like osteopontin and sialoprotein, which promote 

adhesion. Data obtained in this thesis has offered new findings on the mechanistic role of OPN 

protein in bone tissue and serve as an incentive for exploring the nature and extent of OPN 

protein in bone-implant interfaces. Provided that the DCB technique framework can precisely 

conduct the micromechanical tests along the interface, this approach lends itself for 

investigating the implant interface. Future studies on this topic could help develop a clearer 

picture of how different structural and mechanical aspects contribute to the tissue implant 

interface, which could help achieve more control of implant performance. 

Such future studies could extend the outcomes of this thesis to a range of other applications 

to deepen our knowledge of bone biomechanics. Furthermore, the quantified response of 

microscale fracture resistance accompanied by the influence of the fibrillary structure can be 
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integrated into simulation models to further explore the pivotal role played by these building 

blocks. 
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