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Abstract

Musculoskeletal diseases such as osteoporosis, osteoarthritis and bone cancer pose

a significant social and economic challenge in ageing societies worldwide. In digital

healthcare, computational models could be a cornerstone in mitigating these challenges

by facilitating, for example, personalised bone strength analyses or manufacturing

of bespoke implants. Such models, however, critically depend on understanding the

complex characteristics of bone as a material. Currently, there is limited knowledge

on the elasto-plastic behaviour of bone’s fundamental mechanical building block, the

mineralised collagen fibre. Especially the load transfer between mineralised collagen

fibrils and mineral particles, its main mechanical components, is unclear. Therefore, we

aimed at (i) simultaneously quantifying the fibre, fibril and mineral deformation using

a micro- and nanomechanical testing protocol, (ii) formulating a statistical constitutive

model to explain the fibre behaviour and the load transfer between its constituents as

well as (iii) using (i) and (ii) to test under quasi-physiologic conditions.

Laser manufacturing and focused ion beam milling were used to extract micrometre sized

samples from individual mineralised collagen fibres of mineralised turkey leg tendon, a

model system for bone. These micropillars were tested in an experimental set-up that

combined micropillar compression and X-ray scattering or diffraction under dry and

rehydrated conditions. An elasto-plastic statistical constitutive model was developed in

which two shear lag models simulate the stress transfer between fibre, fibril and mineral.

Ultrastructural features were included based on nanoscale imaging data.

Experimental data show small fibril and mineral strains compared to the fibre strain.

This was related to localised strains and heterogeneous fibril deformations due to a

gradual nonlinear fibril recruitment. By incorporating this recruitment, the model can

explain the elasto-plastic fibre behaviour as seen in dry and rehydrated experiments

including the load transfer between fibre, fibrils and mineral particles with an accuracy

of 95% for dry and 89% for rehydrated conditions. The model provides distributions

for the micro- and nanomechanical responses and, thus, directly simulates strain ratios

determined experimentally by in-situ mechanical testing and X-ray scattering/diffraction

measurements. Experiment and model allowed it to identify the micro- and nanome-

chanical behaviour of the fibril array. Rehydration decreased fibre stiffness by 60%,

yield and compressive strength by 75%, and fibril stiffness by 25%.

The new insights into the micro- and nanoscale elasto-plastic behaviour of bone’s fun-

damental mechanical building block help to understand bone’s hierarchical material

mechanics. Results may be used to inform computational models for nonlinear bone

strength analyses as well as the design of tissue engineered bio-inspired implants.
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Peyrin (ESRF, Grenoble and Université de Lyon, France), Johann Michler (Empa,



Acknowledgements

Swiss Federal Laboratories for Materials Science and Technology, Thun, Switzerland),

Daniele Casari (Empa, Swiss Federal Laboratories for Materials Science and Technology,

Thun, Switzerland), Jon Shephard (Heriot-Watt University, Edinburgh, UK), Rainer

Beck (Heriot-Watt University, Edinburgh, UK) and Michael Sztucki (ESRF, Grenoble,

France).

I further thank Benjamin Voumard and Urs Rohrer (both at ARTORG Centre, University

of Bern, Switzerland) as well as Jining Sun, Calum Ross, Jim Buckman and Richard

Carter (all at Heriot-Watt University, Edinburgh, UK) for their support during the

experiments.

During my time in Edinburgh, I met many wonderful new people from different parts

of the world. The atmosphere in the city and at Heriot-Watt University provided a

very welcoming Scottish international environment. I want to thank my colleagues and

friends who made my PhD time much more enjoyable. Especially, I want to thank Jo

for sharing my passion for music, the Scottish highlands and everything related to the

one ring which found its way into this very thesis.

I want to thank my wife Tina for the ongoing support during our time in Edinburgh. I

am especially thankful that you invested so much time for taking care of our daughter

Anna during my stays abroad and increasingly towards the end of my doctorate. I also

want to thank Anna for showing me new joys in my life and for always making me smile

after long days of work. I thank my parents for the support during my undergraduate

studies which eventually led to my PhD journey and my brother and sister for enjoyable

times when I am back home.

The research as presented would not have been possible without the financial support

from various sources. Therefore, I thank the Engineering and Physical Sciences Research

Council (EPSRC), UK (grant no. EP/P005756/1), the European Synchrotron Radiation

Facility (ESRF), France (proposal no. ME 1415, ME 1472, MD 830), the World Council

of Biomechanics (WCB) and The Royal Society of Edinburgh (RSE), Scotland, UK.



29.02.2020



Contents

Abstract

Acknowledgements

List of Tables ii

List of Figures vi

Nomenclature viii

1 Introduction 1

1.1 Motivation and socio-economic background . . . . . . . . . . . . . . . . 1

1.2 Hierarchical structure of mineralised tissues . . . . . . . . . . . . . . . 1

1.3 Micropillar compression and micro-/nanoindentation . . . . . . . . . . 4

1.4 Synchrotron radiation X-ray scattering/diffraction and in-situ testing . 5

1.5 Hydration effects on the micro- and nanomechanical behaviour of miner-

alised tissues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.6 Ultrastructural and physio-chemical measurements . . . . . . . . . . . 9

1.7 Numerical modelling of mineralised tissue behaviour . . . . . . . . . . . 10

1.8 Research questions and objectives . . . . . . . . . . . . . . . . . . . . . 11

1.9 Outline and highlights of the thesis . . . . . . . . . . . . . . . . . . . . 12

2 Materials and Methods 14

2.1 The micro- and nanomechanical compressive behaviour of mineralised

collagen fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1.1 Micropillar extraction from individual mineralised collagen fibres 15

2.1.2 Combined micropillar compression and SAXS/XRD . . . . . . . 18

2.1.3 Integrated mechanical and structural analysis . . . . . . . . . . 20

2.1.4 SEM based failure mode analysis . . . . . . . . . . . . . . . . . 24

2.1.5 FIB induced gallium implantation . . . . . . . . . . . . . . . . . 26

2.1.6 Influence of irradiation . . . . . . . . . . . . . . . . . . . . . . . 26



Contents

2.2 A statistical constitutive model for the compressive behaviour of a min-

eralised collagen fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2.1 Samples and experimental data . . . . . . . . . . . . . . . . . . 27

2.2.2 Statistical mineralised collagen fibril array model . . . . . . . . 27

2.2.3 Analytical mathematical framework for single rheological elements 29

2.2.4 Extension with shear lag models and calculation of strain ratio

distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.2.5 Model input parameters . . . . . . . . . . . . . . . . . . . . . . 35

2.2.6 Numerical algorithm . . . . . . . . . . . . . . . . . . . . . . . . 36

2.3 Assessment of ultrastructural features and physio-chemical properties . 42

2.3.1 Synchrotron radiation phase-contrast nanometre computed to-

mography (SRnCT) . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.3.2 Raman microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.3.3 Energy Dispersive X-ray Microanalysis (EDX/EDS) . . . . . . . 54

2.4 The quasi-physiologic compressive behaviour of a mineralised collagen

fibre at the micro- and nanoscale . . . . . . . . . . . . . . . . . . . . . 55

2.4.1 Micropillar compression and SAXS/XRD under rehydrated con-

ditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.4.2 SEM based post-test and failure mode analysis . . . . . . . . . . 58

2.4.3 Using the statistical constitutive model for the quasi-physiologic

mineralised collagen fibre behaviour . . . . . . . . . . . . . . . . 58

2.5 General statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . 60

3 Results 62

3.1 The micro- and nanomechanical compressive behaviour of mineralised

collagen fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.1.1 Apparent mechanical mineralised collagen fibre behaviour . . . . 62

3.1.2 Mechanical behaviour of mineralised collagen fibrils and mineral

particles and comparison with apparent fibre behaviour . . . . . 63

3.1.3 Failure patterns and modes in mineralised collagen fibres . . . . 66

3.1.4 FIB induced Gallium implantation . . . . . . . . . . . . . . . . 68

3.1.5 Influence of irradiation . . . . . . . . . . . . . . . . . . . . . . . 70

3.2 A statistical constitutive model for the compressive behaviour of a min-

eralised collagen fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.2.1 Model response without mineralised collagen fibril recruitment . 73



Contents

3.2.2 Model response with mineralised collagen fibril recruitment . . . 74

3.2.3 Details on the mineralised collagen fibril recruitment and failure 76

3.3 Assessment of ultrastructural features and physio-chemical properties . 81

3.3.1 SRnCT to extract ultrastructural features . . . . . . . . . . . . 81

3.3.2 Raman measurements to estimate sample preparation effects . . 83

3.3.3 EDX/EDS measurements to estimate sample preparation effects 84

3.4 The quasi-physiologic compressive behaviour of a mineralised collagen

fibre at the micro- and nanoscale . . . . . . . . . . . . . . . . . . . . . 87

3.4.1 Apparent mechanical properties at mineralised collagen fibre level 87

3.4.2 Mechanical behaviour of mineralised collagen fibrils and mineral

particles and comparison to apparent fibre behaviour . . . . . . 90

3.4.3 Influence of hydration on the apparent fibre behaviour . . . . . 90

3.4.4 Influence of hydration on multilevel strain ratios . . . . . . . . . 93

3.4.5 SEM based failure mode analysis . . . . . . . . . . . . . . . . . 93

3.4.6 SEM based analysis of the rehydration artefact . . . . . . . . . 95

3.4.7 Using the statistical constitutive model for the quasi-physiologic

mineralised collagen fibre behaviour . . . . . . . . . . . . . . . . 98

3.4.8 Comparison of model outcome for wet and dry conditions . . . . 101

4 Discussion 103

4.1 The micro- and nanomechanical compressive behaviour of mineralised

collagen fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.1.1 Apparent mineralised collagen fibre behaviour . . . . . . . . . . 104

4.1.2 Multiscale mechanical behaviour of mineralised collagen fibres . 105

4.1.3 Failure modes and patterns . . . . . . . . . . . . . . . . . . . . 111

4.2 A statistical constitutive model for the compressive behaviour of a min-

eralised collagen fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.2.1 Statistical constitutive model for a mineralised collagen fibre . . 112

4.2.2 Model generalisation towards bone extracellular matrix . . . . . 116

4.3 The quasi-physiologic compressive behaviour of a mineralised collagen

fibre at the micro- and nanoscale . . . . . . . . . . . . . . . . . . . . . 119

4.3.1 Apparent mechanical behaviour of mineralised collagen fibres and

the effect of hydration . . . . . . . . . . . . . . . . . . . . . . . 119

4.3.2 Multiscale mechanical behaviour of rehydrated mineralised colla-

gen fibres and influence of hydration . . . . . . . . . . . . . . . 120



Contents

4.3.3 Simulated micro- and nanomechanical behaviour of a mineralised

collagen fibre under quasi-physiologic conditions . . . . . . . . . 122

4.3.4 Failure mode analysis . . . . . . . . . . . . . . . . . . . . . . . . 123

4.3.5 Rehydration set-up for combined micropillar compression and

SAXS/XRD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.4 Limitations of the study . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5 Conclusions 126

5.1 The micro- and nanomechanical compressive behaviour of mineralised

collagen fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.2 A statistical constitutive model for the compressive behaviour of a min-

eralised collagen fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.3 The quasi-physiologic compressive behaviour of a mineralised collagen

fibre at the micro- and nanoscale . . . . . . . . . . . . . . . . . . . . . 128

6 Summary 130

7 Appendices 134

7.1 Appendix A: A novel method to analyse highly ordered XRD patterns . 135

7.2 Appendix B: Motivation and justification for the piecewise definition of

the Helmholtz free energy . . . . . . . . . . . . . . . . . . . . . . . . . 138

7.3 Appendix C: Graphical abstract for Section 2.1 . . . . . . . . . . . . . 141

7.4 Appendix D: Graphical abstract for Section 2.2 . . . . . . . . . . . . . 142

7.5 Appendix E: Graphical abstract for Section 2.4 . . . . . . . . . . . . . 143

Bibliography 145

List of journal publications and congress contributions 172

List of contributions 174

List of scientific awards, conference chairs and external funding 175



List of Tables

2.1 Model input parameters for the statistical constitutive model of the

mechanical behaviour of a mineralised collagen fibre under dry testing

conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.2 Model input parameters for the statistical constitutive model of the

mechanical behaviour of a mineralised collagen fibre under rehydrated

testing conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.1 Apparent compressive properties of mineralised collagen fibres tested

under dry conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.2 Failure patterns of uniaxially compressed micropillars with corresponding

apparent mechanical properties . . . . . . . . . . . . . . . . . . . . . . 69

3.3 Comparison of experimental values with simulated values from the statis-

tical constitutive model for micro- and nanomechanical properties under

dry conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.4 Details on the mineralised collagen fibril recruitment and failure with

references to the corresponding figures . . . . . . . . . . . . . . . . . . 76

3.5 Raman measurements results for ultramilled, laser ablated and deformed

FIB-milled micropillars . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

3.6 Apparent mechanical properties of mineralised collagen fibres under

rehydrated conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.7 Strain ratios between mineral particles, mineralised collagen fibrils and

mineralised collagen fibre under rehydrated conditions . . . . . . . . . . 90

3.8 Apparent mechanical properties of a mineralised collagen fibre under

rehydrated and dry conditions . . . . . . . . . . . . . . . . . . . . . . . 92

3.9 Comparison of rehydrated and dry testing results for the apparent me-

chanical properties at the mineralised collagen fibre level . . . . . . . . 92

3.10 Comparison of rehydrated and dry testing results for the strain ratios

between mineral particles, mineralised collagen fibrils and mineralised

collagen fibre . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

i



List of Tables ii

3.11 Comparison of experimental values with simulated values from the statis-

tical constitutive model for micro- and nanomechanical properties under

rehydrated conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.12 Elasto-plastic micro- and nanoscale properties of a mineralised collagen

fibril array under dry and wet conditions . . . . . . . . . . . . . . . . . 102



List of Figures

1.1 Hierarchical levels of bone including micro- and nanostructure . . . . . 2

1.2 Hierarchical levels of mineralised turkey leg tendon and bone including

micro- and nanostructure . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 X-ray scattering methodology and determination of wave vectors and

scattering intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 SAXS and XRD patterns of mineralised collagen fibre micropillars . . . 7

2.1 Sample preparation steps to extract micropillars from individual miner-

alised collagen fibres, apparent stress-strain analysis under dry conditions

and SAXS/XRD patterns . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 Sample preparation outcome in relation with the different hierarchical

levels of mineralised turkey leg tendon and bone . . . . . . . . . . . . . 18

2.3 Experimental measurement concept for simultaneous micropillar com-

pression and SAXS/XRD including sample geometry . . . . . . . . . . 19

2.4 Integration of the portable micro-/nanoindenter into the ESRF beamline

set-up and details on the alignment . . . . . . . . . . . . . . . . . . . . 20

2.5 SAXS and XRD patterns and outline of the data analysis procedure to

determine mineralised collagen fibrils and mineral particles strain . . . 23

2.6 X-ray acqisition points during compressive loading and radial profile of

002-reflection for mineral strain analysis . . . . . . . . . . . . . . . . . 25

2.7 Azimuthal profiles of the 002-reflection and 5th Bragg peak to analyse

the preferred orientation of the mineral particles and mineralised collagen

fibrils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.8 Statisitcal mineralised collagen fibril array model and model derivation 28

2.9 Single rheological element and derivation of constitutive law . . . . . . 30

2.10 Extraction of the mineralised collagen fibril diameter based on recon-

structed SRnCT images . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.11 Quantification of the surface roughness of the micropillars and mineralised

collagen fibril recruitment . . . . . . . . . . . . . . . . . . . . . . . . . 46

iii



List of Figures iv

2.12 Tissue density for a mineralised collagen fibre including greyvalue distri-

butions of micropillar and background signal . . . . . . . . . . . . . . . 48

2.13 Selection of a volume of interest for the global offset value in the calcula-

tion of the tissue density (mineralisation) of the micropillars . . . . . . 49

2.14 Raman microscopy experimental set-up inclduing power meter, objective

lens and sample mounting . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.15 Characterisitc Raman spectrum for an undeformed ultramilled sample

including identified peaks for relevant molecules . . . . . . . . . . . . . 52

2.16 Analysis of a characteristic Raman spectrum for three relevant bands

including the peak and baseline fitting procedure . . . . . . . . . . . . 53

2.17 SEM overiew images for the samples measured by EDX/EDS . . . . . . 55

2.18 Rehydration set-up for in-situ micropillar compression and SAXS/XRD 56

2.19 Data analysis for the apparent mechanical properties at mineralised

collagen fibre level during rehydrated testing . . . . . . . . . . . . . . . 57

2.20 Synchronised mineral strain and fibril strain data with fibre strain data 59

3.1 Apparent mechanical properties of mineralised collagen fibres tested

under dry conditions for SAXS and XRD regimes . . . . . . . . . . . . 64

3.2 Combined apparent mechanical properties of mineralised collagen fibres

tested under dry conditions including damage and plasticity . . . . . . 65

3.3 Comparison of fibre, fibrils and mineral particles strain and determination

of strain ratios under dry conditions including the analysis of the load

sharing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.4 Mechanical response for mineralised colalgen fibre, mineralised collagen

fibrils and mineral particles tested under dry conditions and outline of a

delayed response of the mineralised collagen fibrils . . . . . . . . . . . . 67

3.5 SEM images of failure patterns and their schematic drawings for min-

eralised collagen fibre micropillars compressed under dry conditions

including the classification scheme . . . . . . . . . . . . . . . . . . . . . 68

3.6 Monte Carlo simulation results to assess the influence of gallium im-

plantation druing the FIB-milling procedure including the depth and

trajectories of the ions within the sample . . . . . . . . . . . . . . . . . 71

3.7 Irradiation test results with exponential fit for the uniaxial stress relax-

ation test in the SAXS and XRD regime . . . . . . . . . . . . . . . . . 72



List of Figures v

3.8 Model response without mineralised collagen fibril recruitment for the

dry mineralised collagen fibre behaviour and overlay with experimental

curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.9 Model response with mineralised collagen fibril recruitment for the dry

mineralised collagen fibre behaviour and overlay with experimental curves 75

3.10 Model response with mineralised collagen fibril recruitment at the nu-

merical yield point . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.11 Model response without mineralised collagen fibril recruitment at the

numerical yield point . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.12 Model response with mineralised collagen fibril recruitment at full re-

cruitment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.13 Model response without mineralised collagen fibril recruitment when

mineralised collagen fibrils fail . . . . . . . . . . . . . . . . . . . . . . . 78

3.14 Model response with mineralised collagen fibril recruitment when miner-

alised collagen fibrils fail . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.15 Model response without mineralised collagen fibril recruitment at full

recruitment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.16 Skewness, mean and standard deviation of the strain ratio distributions

between fibril/fibre and mineral/fibre . . . . . . . . . . . . . . . . . . . 80

3.17 Derivation of the logistic function for the nonlinear gradual recruitment

of mineralised collagen fibrils . . . . . . . . . . . . . . . . . . . . . . . . 83

3.18 Local mineralised collagen fibril orientation from SRnCT and auto-

correlation based analysis . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.19 Overlay of two characteristic Raman spectra of an undeformed ultramilled

sample and a deformed micropillar including identified Raman bands . 86

3.20 EDX spectra for ultramilled, laser ablated and micropillar samples . . . 86

3.21 Stress-strain data of mineralised collagen fibres under rehydrated condi-

tions including the drying effect on the apparent mechanical data . . . 88

3.22 Apparent mechanical properties including damage and plasticity of a

mineralised collagen fibre under rehydrated conditions . . . . . . . . . . 89

3.23 Mineral-to-fibre and fibril-to-fibre strain ratio in the elastic region under

rehydrated testing conditions . . . . . . . . . . . . . . . . . . . . . . . 91

3.24 X-ray acquisition points during rehydration testing and mineral-to-fibre

strain ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92



List of Figures vi

3.25 Failure modes of mineralised collagen fibre micropillars tested under

rehydrated conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.26 Failure mode of dry tested mineralised collagen fibre micropillars . . . . 95

3.27 SEM image and stress-strain data for the first sample affected by the

rehydration artefact with wahsed up material . . . . . . . . . . . . . . 96

3.28 SEM image and stress-strain data for the second sample affected by the

rehydration artefact with wahsed up material . . . . . . . . . . . . . . 97

3.29 Model response with mineralised collagen fibril recruitment for the re-

hydrated mineralised collagen fibre behaviour at the numerical yield

point . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.30 Model response with mineralised collagen fibril recruitment for the rehy-

drated mineralised collagen fibre behaviour and overlay with experimental

curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.31 Model response without mineralised collagen fibril recruitment for the

rehydrated mineralised collagen fibre behaviour at the numerical yield

point . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

3.32 Model response without mineralised collagen fibril recruitment for the

rehydrated mineralised collagen fibre behaviour and overlay with experi-

mental curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

3.33 Comparison of the statistical constitutive model outcome for wet and

dry conditions with and without mineralised collagen fibril recruitment 101

4.1 Generalisation of the statistical constitutive model towards other miner-

alised tissues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.1 Details on the alternative analysis procedure to determine mineral parti-

cles strain from 002-reflections of XRD measurements . . . . . . . . . . 136

7.2 Comparison of results for the XRD analysis of mineral particles strain

from the 002-reflection between the conventional and novel analysis

procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

7.3 Graphical abstract for the study on ”The micro- and nanomechanical

compressive behaviour of mineralised collagen fibres” . . . . . . . . . . 141

7.4 Graphical abstract for the study on ”A statistical constitutive model for

the compressive behaviour of a mineralised collagen fibre” . . . . . . . . 142

7.5 Graphical abstract for the study on ”The quasi-physiologic compressive

behaviour of a mineralised collagen fibre at the micro- and nanoscale” . 144



vii



Nomenclature

αmc accumulated plastic strain for mineralised collagen fibril

αe f accumulated plastic strain for extrafibrillar matrix

β shape parameter of statistical distribution

γ f ibril aspect ratio of mineralised collagen fibrils

γmin aspect ratio of mineral particles

δ delta distribution

δdec refractive index decrement

ε apparent Young’s modulus

(at the level of the mineralised collagen fibre = fibre level)

εcol Young’s modulus of collagen

εmin Young’s modulus of mineral particles

ε total strain at the fibre level

ε0n element specific offset strain

for the mineralised collagen fibril recruitment

ε f ibril/ε strain ratio between mineralised collagen fibrils and fibre

εmin/ε strain ratio between mineral particles and fibre

εe elastic strain at the fibre level

εp plastic strain at the fibre level

εp,e f plastic strain for extrafibrillar matrix (ef)

εp,mc plastic strain for mineral-collagen (mc) composite

(mineralised collagen fibril)

εp,e f ,ult ultimate strain for extrafibrillar matrix

εp,mc,ult ultimate strain for mineralised collagen fibril

εy,e f yield strain for extrafibrillar matrix

εy,mc yield strain for mineralised collagen fibril

λ
e f
L plastic multiplier for extrafibrillar matrix

λmc
L plastic multiplier for mineralised collagen fibril

viii



Nomenclature ix

µ mean value of statistical distribution

µcol shear modulus of collagen

µecp shear modulus of extrafibrillar non-collageneous proteins

νcol Poisson ratio of collagen

νmin Poisson ratio of mineral particles

ρ tissue density of a mineralised collagen fibre (mineralisation)

σ total stress at fibre level (all stresses uniaxial, i.e. σ33)

σp,e f plastic stress for extrafibrillar matrix

σp,mc plastic stress for mineralised collagen fibril

ς standard deviation of statistical distribution
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Φ dissipation potential
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φecp volume fraction of extrafibrillar non-collageneous proteins

φ f ibril volume fraction of mineralised collagen fibrils

χe f hardening modulus of extrafibrillar matrix

χmc hardening modulus of mineralised collagen fibril

ψ Helmholtz free energy

ω phase reconstructed from the SRnCT data collection

Ak area of micropillar in k-th SRnCT cross-sectional slice

D discontinuous damage variable

H Heaviside unit step function

i time step; i = {1, ..., t} with t as the last time step

n rheological element; n = {1, ..., N} with N as the total

number of elements

(a normal distribution was used for the quantities with an n-index)

P(X) proability statistics for variable X

sign signum function

SRnCT synchrotron radiation X-ray phase-contrast

nanometre computed tomography



1 Introduction

1.1 Motivation and socio-economic background

Bone associated diseases such as osteoporosis, osteoarthritis and bone cancer pose

a significant social and economic burden to healthcare systems worldwide. Patients

suffer from a loss of mobility, a decreased quality of life and an increased mortality.

Globally 25% of people are affected with substantial associated costs every year [1–6].

Osteoporosis alone leads to 70k hip fractures amongst 300k fragility fractures with £2

billion costs in the UK. These hip fractures are expected to rise by 240% in women

and 310% in men by the year 2050 [7]. Worldwide, 200 million women are affected.

At an older age, osteoporotic fractures are the most common cause of accident-related

deaths [7]. Osteoarthritis is a common cause of disability [4] while skeletal metastases

are identified as the common pathway for many malignancies leading to skeletal related

events such as pathological fractures [5]. The challenge that is imposed on the healthcare

systems by these bone diseases will increase in ageing societies. From a mechanical point

of view, osteoporosis is characterised by a reduced structural integrity and mechanical

competence [8, 9]. Changes that lead to this inferior load bearing capacity spread

along the multiple length scales of bone. In digital healthcare, computational models

could be a cornerstone to address these challenges ranging from improved diagnoses to

manufacturing custom implants to monitoring in personalised medicine schemes [10–16].

These models, however, critically depend on understanding the structure-mechanical

relationships on the multiple length scales of bone [17–19] and, thus, on understanding

the complex characteristics of bone as a material. Currently, there is limited knowledge

on the elasto-plastic behaviour of the fundamental mechanical building block of bone,

the mineralised collagen fibre, including the interaction with its mechanical components.

1.2 Hierarchical structure of mineralised tissues

Bone is a multiscale material where different mechanical properties and governing

deformation mechanisms are present at different hierarchical levels [20–25]. This

includes a scale transition with a superior strength at the extracellular matrix level

1
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Limited knowledge on the irreversible 
mechanical behaviour of mineralised collagen fibres

State-of-knowledge on the 
irreversible mechanical behaviour 

Lower level of tissue organisationUpper level of tissue organisation

Figure 1.1: Microstructure of bone from the organ level to the mineralised collagen fibres,
mineralised collagen fibrils and mineral particles. The black box highlights the length scales
that are addressed in this thesis (image adapted from [28], originally from [17]).

compared to the macroscopic tissue level [26, 27]. While there is substantial information

at the macroscopic length scale, there is limited knowledge at smaller hierarchical levels

[28]. This is mainly due to the lack of experimental data regarding the micro- and

nanomechanical properties of the constituents of bone. The three main constituents are

collagen, mineral and water. At the micro- and nanoscale, its characteristic elementary

mechanical units are the mineralised collagen fibre and mineralised collagen fibril

[22, 25, 29, 30], respectively. Figure 1.1 illustrates the hierarchical levels of bone, covering

the organ (macrostructure) level down to the mineralised collagen fibre (microstructure)

with the latter representing the fundamental building block of bone. A mineralised

collagen fibre combines an array of mineralised collagen fibrils [20, 22, 24, 31] which

consists of type I collagen molecules and mineral particles of primarily carbonated

hydroxyapatite [32, 33]. The fibrils are embedded in an extrafibrillar matrix which acts as

a glue layer and combines non-collagenous proteins, proteoglycans, extrafibrillar mineral

and water [34–38]. Interfibrillar cross-links are involved in the forming of sacrificial

bonds which play a role in the toughening mechanisms of bone [37, 39–42]. The

collagen molecules within the mineralised collagen fibrils show a staggered arrangement

with the intrafibrillar mineral particles located within the molecules gap zones with a

characteristic spacing in the range of 65 nm and 67 nm (D-period) [32, 33, 43–45].

In this thesis, micropillars from mineralised collagen fibres of naturally highly mineralised

turkey leg tendon were tested. Mineralised turkey leg tendon has widely been used as

a model system for bone due to its structural similarities [17, 35, 43, 44, 46–49]. Like
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bone, mineralised turkey leg tendon shows a hierarchical structure with the mineralised

collagen fibre as its fundamental building block [17, 35, 43, 44, 46–49] (Figure 1.2).

Most importantly, at the level of the mineralised collagen fibre, mineralised turkey leg

tendon and bone show the same structural set-up combining mineralised collagen fibrils

embedded in an extrafibrillar matrix. One of the main advantages of mineralised turkey

leg tendon is the uniaxial fibre arrangement within the whole volume of the tissue.

This facilitates the extraction of single mineralised collagen fibres for micromechanical

testing. With respect to osteonal bone, the fibre arrays have their equivalence in bone’s

sub-lamellae [51] (Figure 1.2). Two morphological regions within the mineralised turkey

leg tendon can be distinguished, the circumferential and the interstitial zone [51]. Both

zones consists of unidirectionally aligned mineralised collagen fibril bundles. Fibrils in

the circumferential zone are located around large pores and show a densely packed and

well organised arrangement (low microporosity) with smaller fibril diameters compared

Level 5:
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Fibre array

Level 3:
Fibril array
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components
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Figure 1.2: Comparison of the microstructure of mineralised turkey leg tendon and bone.
At the level of the mineralised collagen fibre (Level 3), both tissues show the same structural
set-up and main mechanical components (image adapted from [51]).
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to interstitial zones. The interstitial zones are characterised by a rather loosely and

poorly organised fibril arrangement (high microporosity). Those fibrils are located in

between the circumferential regions [51]. For the current study, mineralised collagen

fibres from the interstitial region were chosen due to their larger diameter and thus the

possibility to centre the sample preparation process on a single mineralised collagen

fibre. In mineralised turkey leg tendon, the diameter of mineralised collagen fibres and

fibrils are in general larger in diameter than in bone tissue [51]. This is mainly due to

the positive correlation between the ultimate tensile strength of a connective tissue and

the mass-average diameter of the constituent collagen fibrils [52]. The radial growth

of collagen fibrils are therefore governed by the tensile stresses exerted on them [53].

Since mineralised turkey leg tendon is tailored towards tension and bone tissue towards

compression, differences in the fibre and fibril diameters can be seen.

1.3 Micropillar compression and micro-/nanoindentation

Two important mechanical testing approaches will be discussed that are used to study

the structure-mechanical relationships of biological tissue at the micro- and nanoscale.

To determine the stiffness of homogeneous as well as inhomogeneous composite materials

such as mineralised tissues at the micro- and nanoscale, micro- and nanoindentations

can be performed. The principle of the indentation technique is based on a local material

deformation when the plane surface of the material is probed with a stiff diamond tip.

The testing is done under a well controlled applied force while load and displacement

data are recorded [54–56]. Combined with the known geometry of the tip and the

indentation imprint, mechanical properties can be extracted from the loading curve.

Stiffness moduli at the different material orientation can be assessed which allows it

to quantify the degree of its elastic anisotropy [57, 58]. In addition, the hardness of

an elasto-plastic material can be assessed [59]. Indentation results can be compared

to numerical modelling approaches such as mean field homogenisation that allows the

prediction of the material behaviour [17, 60–64] or they can be used as input variables

for such numerical methods. One of the disadvantages of indentation experiments are

the heterogeneous and multi-axial stress state under the indenter tip [55].

In comparison to micro- and nanoindentation experiments, micropillar compression

is a micromechanical testing technique that allows a straightforward interpretation

of mechanical testing results at the length scale of the extracellular matrix. This is

mainly due to the uniaxial stress state during compressive loading. The technique
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helps to understand the elasto-plastic behaviour of hierarchical materials [26, 27, 65–67].

Micropillar compression tests can be performed load- or displacement-controlled while

load, displacement and time data are recorded. In a uniaxial set-up, results can be

directly related to the apparent deformation behaviour including the post-yield region

of the tissue. Depending on the direction of testing, axial and transverse mechanical

properties can be extracted. So far, micropillar compression has not been combined

with experimental techniques that allow it to quantify the deformation behaviour of

biological nanoscale structures such as mineralised collagen fibrils and mineral particles.

1.4 Synchrotron radiation X-ray scattering/diffraction and

in-situ testing

Small angle X-ray scattering (SAXS) and X-ray diffraction/wide angle X-ray scattering

(XRD, WAXS) can be used to obtain deformations of mineralised collagen fibrils and

mineral particles, respectively [43, 68–71]. To simultaneously obtain the deformation

of mineralised collagen fibres, mineralised collagen fibrils and mineral particles, the

micromechanical testing (Section 1.3) must be combined with SAXS and XRD mea-

surements. During X-ray scattering experiments, the scattered intensity is monitored

as a function of the scattering angle 2θ which is related to the scattering vector q and

the wave vector k and k’ of the incident and scattered beam when X-rays interact with

the material (Figure 1.3). The wave vector can be calculated via [72]:

|q| = q = k′ − k =
2π

d
=

4π sin(θ)

λ
(1.1)

where λ denotes the wavelength of the X-ray beam and d the distance between crystal

lattice planes (interplanar spacing). When an X-ray beam is scattered by a crystalline

structure and the Bragg condition for constructive interference nλ = 2d sinθ is satisfied,

high intensity Bragg peaks can be detected. These peaks represent areas with similar

electron density [72] where n is an integer number and denotes the order of the reflection.

Bragg reflection occurs when the lattice spacing is comparable to the used X-ray beam

wavelength λ [72, 73]. d-values can then be calculated from the scattering vectors via

d = 2πn
q . The sharp Bragg peaks in the SAXS pattern (meridional reflections) (Figure

1.4) arise from the periodicity gaps in the axial arrangement of the intrafibrillar collagen

molecules which are partially filled by mineral nanocrystals [33, 74–77]. The less ordered

lateral collagen molecules packing gives rise to broad diffuse scattering in the middle
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part of the SAXS pattern perpendicular to the axial direction where a contribution

from the mineral particles further adds to the diffuse signal when mineralised tissues

such as bone and mineralised turkey leg tendon are studied [68, 77, 78] (Figure 1.4).

The XRD pattern represents the diffraction peaks of the mineral particles of carbon-

ated hydroxyapatite characterised by a hexagonal lattice structure. In this thesis, the

002-reflection is analysed which corresponds to the X-ray reflection from a lattice plane

that lies perpendicular to the longitudinal c-axis of the crystal symmetry.

Figure 1.3: After the X-rays interact with the sample, the scattered intensity is detected as
a function of the scattering angle 2θ. The scattering vector q is then calculated based on the
difference of the wave vectors k and k’ of the incident and scattered beam. q values are used
to determine changes due to mechanical loading (image adapted from [73]).

During mechanical testing, changes in the SAXS and XRD patterns are used to de-

termine the strains in the mineralised collagen fibrils and mineral particles (Figure

1.4). Fibril strains can be assessed based on the radial shifts of the axial peaks of

the SAXS pattern reflecting changes of the D-period and thus the intrafibrillar axial

staggering of the collagen molecules arrangement, initially in the range of 65 nm and

67 nm [21, 33, 43, 45, 46, 68–71, 77, 79–87]. Mineral strains are determined by tracking

the radial shift of the XRD reflections which represents changes in the lattice spacings

(d-spacing) within the mineral nanocrystals [45, 46, 70, 79, 80, 82, 85, 87, 88]. The

combination of SAXS and XRD thus allows to quantify the deformation behaviour of

the two constitutive phases within a mineralised collagen fibre. For mineralised turkey

leg tendon, both the SAXS and XRD patterns show that the preferred orientation of

the mineralised collagen fibrils and mineral particles is along the longitudinal direction

of the mineralised collagen fibre. Thus, during compression, fibril and mineral strains

along the axial fibre direction (Figure 1.4) can be quantified. Details on the analysis of

SAXS and XRD patterns are given in Section 2.1.2.

The referenced studies on SAXS and XRD were based on probing macroscopic bone

samples with X-rays under tensile and compressive loading at the millimetre length
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SAXS to measure the fibril deformation

axial direction of 
the mineralised 
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axial direction of 
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XRD to measure the mineral deformation
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order Bragg 
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Figure 1.4: SAXS and XRD pattern from a micropillar extracted from an individual miner-
alised collagen fibre. Left: SAXS pattern used to determine mineralised collagen fibrils strain
by tracking changes of the meridional Bragg reflections. The diffuse scattering in the top
part is due to reflections from the micro-/nanoindenter which influenced the choice of the
beamsize and the exposure times. Right: XRD-pattern to determine mineral particles strain
by tracking radial shifts of the 002-reflection. White areas denote regions with zero intensity
due to both the shading of the beam stop and ”dead zones” of the detector.

scale but not at the extracellular matrix level and below. Apart from Karunaratne et al.

[86] who used a beamsize of 10 µm x 12 µm, these studies report beamsizes of 50 µm

to a few 100 µm. None of these studies tested a mineralised collagen fibre individually

to investigate the fibre’s apparent mechanical behaviour and its constitutive phases

directly. Ascenzi et al. [89–91] tested individual osteons with dimensions of a few

hundred µm under tension and compression including a combined set-up with X-ray

diffraction measurements. The authors report cyclic testing of cylindrical samples of

individual osteons of 400 µm in length and 230 µm in diameter and an X-ray beam of 3

mm x 1 mm. Exposure times from 1 to 24 hours were reported.

Apart from SAXS measurements, the nanomechanics of mineralised collagen fibrils were

quantified by Hang and colleagues [92, 93] who developed a nanomechanical tensile

testing set-up combining atomic force microscopy (AFM) and scanning electron mi-

croscopy (SEM). Antler bone samples of mm size were fractured and exposed fibrils

were stretched with an AFM tip on which a glue was deposited. The authors state

that the AFM probe was positioned perpendicular to the fracture plane and along the

principal axis of the fibril during the experiments. Nevertheless, a deviation from this

perpendicular alignment is highly likely based on using randomly distributed fibrils

from a fractured surface. In addition, the set-up does not allow for a simultaneous

quantification and interpretation of deformations of individual mineralised collagen
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fibres and its constituents.

The ultrastructural features of mineralised tissues can further be assessed by imaging

techniques such as synchrotron radiation X-ray phase-contrast nanometre tomography,

(polarised) Raman microscopy, electron diffraction and STEM tomography (Section

1.6). However, to uncover the mechanical behaviour at the length scale of the individual

mineralised collagen fibre and its constituents, an integrative approach is needed com-

bining micro- and nanomechanical measurements in situ. The combined experimental

testing of micropillars from individual mineralised collagen fibres allows us to bring the

set-up down to a length scale where uncertainties can be minimised and data can be

directly related to the mechanical behaviour of bone’s fundamental building block and

the deformation behaviour of its constitutive phases.

1.5 Hydration effects on the micro- and nanomechanical

behaviour of mineralised tissues

One of the main constituents in mineralised tissues is water accounting for about

20-25% of its weight [94, 95]. It is reported that the hydration state has an influence

on the mechanical properties at the material’s different hierarchical levels as seen in

experiments and simulations [67, 96–99]. At the bone extracellular matrix level, yield

stress and compressive strength are reduced by 60% to 75% for rehydrated samples

[67]. Bone tissue shows a ductile behaviour at this length scale, also in dry conditions

[26] where a transition was found from a more brittle to a ductile behaviour when

comparing macro- and microscale. For millimetre sized bone samples, this transition

is observed by the effect of hydration [98] with wet tissue showing a more ductile

behaviour. Micropillars from ovine bone extracellular matrix have also been tested

under quasi-physiologic conditions and confirmed the ductile behaviour on these small

length scales [67]. Millimetre sized bone samples have also been tested in tension

and compression under dry and wet conditions while combining mechanical testing

with SAXS and WAXS/XRD measurements [79, 98, 100]. A reduction of elastic bulk

properties was reported and a decrease in the strain ratios between the hierarchical

levels. Water can further be found in different regions of the bone matrix influencing

the mineral-organic matrix interactions [94, 95]. Next to pore spaces, water is present in

a bound form in carbonated apatite and the extracellular bone matrix [94–96] as well as

in small gap regions [101] and as surface water around micro- and nanoscale structures

in bone [94, 95]. The latter is likely to affect the energy dissipation mechanisms within
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mineralised collagen fibrils or within the extrafibrillar matrix. It is further postulated

that the dehydration of mineral and collagen in bone has different effects on the overall

behaviour of the tissue [96].

So far, a combination of micropillar compression and SAXS/XRD measurements have

not been reported under rehydrated conditions including experiments at the level of

individual mineralised collagen fibres. Such a set-up would allow to study the direct

effect of hydration at the mineralised collagen fibre level including the interplay with its

mechanical components and their role to produce the apparent fibre behaviour under

quasi-physiologic conditions.

1.6 Ultrastructural and physio-chemical measurements

To determine the ultrastructural features of mineralised tissues, imaging techniques

with micro-, nano- and atomistic resolution are used. These include synchrotron

radiation X-ray phase-contrast nanometre computed tomography (SRnCT) [102–106]

(2.3.1), (polarised) Raman microscopy [106–110] (2.3.2), electron diffraction and STEM

tomography [111] as well as energy dispersive X-ray microanalysis (EDX/EDS) [112–

115] (Section 2.3.3).

Making use of the high brilliance of synchrotron X-ray sources allows the investigation of

biological tissues at a sub-microscale resolution in the context of SRnCT. In combination

with a monochromatic beam, the degree of mineralisation as well as structural features

can be quantitatively assessed. The main advantage of SRnCT compared to the

conventional attenuation based tomography technique [116, 117] is the high sensitivity

for density variations in a probed sample. This makes it an attractive nanoscale imaging

approach for organic matter since even light elements cause a phase shift of the X-ray

beam. It allows the detection of small structural changes as well as small variations in

mass density distributions and provides an absolute value for the local tissue density of

samples at the micro- and sub-microscale [103, 105, 118–122].

To investigate the physio-chemical properties of mineralised tissues, Raman microscopy

can be used. The Raman spectrum allows the assessment of parameters that can be

related and are influential factors for the tissue mechanical behaviour [26, 107, 123–

130]. Contrary to SRnCT, Raman measurements only provide information on relative

changes of physio-chemical properties such as mineral-to-matrix ratios. Polarised Raman

measurements are additionally used to extract orientation-related information from the

tissue to the fibril level [106, 109, 126, 131, 132].
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The chemical composition of biological tissues can be assessed by means of Energy

Dispersive X-ray Microanalysis (EDX/EDS) [112–115, 133–135]. The composition of the

mineral phase in bone and mineralised turkey leg tendon is carbonated hydroxyapatite

Ca10(PO4)6(OH)2. Therefore, several atomic elements are reported in the literature

from EDX measurements with the most relevant ones for the analysis of the mineral

content being calcium (Ca) and phosphorus (P). In addition, magnesium (Mg), sodium

(Na), carbon (C) and oxygen (O) are reported from microanalyses of bone tissue. In this

context, EDX can be seen as a semiquantitative measuring tool to assess the amount

of Ca and P in mineralised tissues via the Ca/P ratio which provides information

about the quality of the mineral matrix [113, 115, 136]. It can further be related to the

crystallinity from Raman signals, a quality characteristic of bone mineral [137].

1.7 Numerical modelling of mineralised tissue behaviour

The multiscale mechanical behaviour of bone can be simulated by means of analytical

and computational models. Micromechanical homogenisation techniques calculate the

behaviour of mineralised tissues along multiple hierarchies but are mainly restricted to

elasticity [17, 63, 138–140] and the use of average values for the different constitutive

phases. They can neither consider natural variability nor the stress transfer between

the phases that results from the intrafibrillar staggered arrangement [33, 141, 142]. An

extension to failure mechanisms [143] also cannot explain reported scale transitions in

the plastic region [26]. Cohesive finite element models increasingly aim to address the

interplay between the different components of bone [13, 144, 145]. However, they lack

experimental data at small length scales to validate the resulting material behaviour.

In order to represent the natural variability of biological tissue, constitutive laws for

bone can include statistical distributions for their constituting elements [26, 146, 147].

They can be applied to tensile [148] and compressive loading [26] or a combination

of both [147, 149]. Some models extend to 3D and consider rate-dependency as well

[29, 150–152]. These models show very good agreement with experimental data at the

bone extracellular matrix level including an upscaling to explain the macroscopic tissue

behaviour [26, 147]. So far, these models did not simulate the mechanical behaviour of

an individual mineralised collagen fibre while considering the stress transfer between its

mechanical components. They also did not compute strain ratio distributions between

different length scales. To account for this stress transfer mechanisms between the

components of a composite, shear lag models are used which can be applied to biological
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fibre- and platelet-reinforced composites [33, 141, 153–158]. They provide an average

value for the stress transfer between two phases within the bio-composite [156].

A combination of a shear lag model with statistically distributed rheological elements

would allow it to calculate distributions for those stress transfer mechanisms which, in

turn, will give distributions of strain ratios between the components of a composite. In

order to achieve this for the mechanical behaviour of a mineralised collagen fibre, a shear

lag model is needed that is able to calculate the stress transfer between the fibre and

its mechanical components, the mineralised collagen fibrils and the mineral particles. If

we combine this approach with information on the structural properties of the fibre, e.g.

the number of mineralised collagen fibrils and their orientation, we can work with an

explicit arrangement of rheologic elements in the fibre. So far, no such model has been

reported that captures the nonlinear mechanical behaviour of an individual mineralised

collagen fibre. A model that is validated, includes elasto-plasticity, and simulates the

mechanical interaction between the components of the fibre while considering the natural

fluctuations of the fibril behaviour via statistical distributions of the input parameters.

1.8 Research questions and objectives

Based on the current state of knowledge in the previous sections, three research questions

with related objectives were formulated for the thesis.

First, we wanted to find out if we can develop a micro- and nanomechanical testing

protocol for micropillars of single mineralised collagen fibres to test their elasto-plastic

behaviour and quantify the coupling with their mechanical components. Consequently,

we formulated three objectives:

(i) Extract micropillars from individual mineralised collagen fibres.

(ii) Combine micropillar compression tests with simultaneous SAXS or XRD measure-

ments using a beam size of a few micrometres.

(iii) Quantify the failure mechanisms and multiscale mechanical response at the level of

the mineralised collagen fibre including the mechanical interaction with mineralised

collagen fibrils and mineral particles at various stages of compressive loading.

Second, we wanted to know if we can formulate an analytical and numerical model that

is able to explain the mineralised collagen fibre behaviour and the coupling with its

mechanical components. Related to this research question, we had three objectives:
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(v) Develop a novel statistical constitutive model that explains the elasto-plastic

mechanical behaviour of a mineralised collagen fibre including stress transfer

between its mechanical components.

(vi) Quantify the model with data from nanoscale imaging.

(vii) Validate the model against experimental findings at the level of the mineralised

collagen fibre and generalise it towards other mineralised tissues.

Third, we wanted to see if we can extend the micro- and nanomechanical testing set-up

to quantify the micro- and nanoscale mechanical behaviour of mineralised collagen fibres

under quasi-physiologic conditions. Thus, we formulated three objectives:

(ix) Develop a rehydration set-up for the combined micropillar and SAXS/XRD

measurements to test mineralised collagen fibres under rehydrated conditions.

(x) Quantify the influence of hydration on the mineralised collagen fibre behaviour

and its components and identify the dominant failure mechanisms.

(xi) Use the developed statistical constitutive model to explain the quasi-physiologic

mechanical behaviour of a mineralised collagen fibre.

1.9 Outline and highlights of the thesis

In this theis, the micro- and nanomechanics of mineralised collagen fibre elasto-plasticity

were studied experimentally and numerically. Graphical abstracts for the three main

studies of this thesis can be found in the Appendices C, D and E (7.3, 7.4 and 7.5).

A novel preparation protocol was developed to extract micropillars from individual

mineralised collagen fibres, the fundamental mechanical building block of bone at the

microscale, combining macro-, micro-, nano- and atomistic scale preparation techniques.

These included dissection, ultramilling, ultra-short pulsed laser ablation and focused

ion beam milling. Micrometre sized cylindrical samples were created on a sample

geometry that allowed it to simultaneously test the micropillars under compression

while SAXS/XRD measurements were taken.

The micromechanical behaviour of the mineralised collagen fibre was studied by means

of micropillar compression using a custom made portable micro-/nanoindenter. The

apparent elastic and plastic fibre behaviour could be extracted including stress and strain

and an estimation of the damage at the microscale. The nanomechanical behaviour of

the mineralised collagen fibre was quantified by SAXS and XRD from a synchrotron
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source. These measurements allowed it to extract the deformation behaviour of the

mineralised collagen fibrils and mineral particles by integrating a micro-/nanoindenter

into the experimental set-up of a microfocus beamline at the European Synchrotron

Radiation Facility (ESRF). Strain ratios between fibre, fibril and mineral were calculated

and the role of the constituents in establishing the mineralised collagen fibre elasto-

plasticity was studied.

A statistical constitutive model was then developed that explains the micro- and

nanomechanical elasto-plastic behaviour of a mineralised collagen fibre including the

mechanical interplay with its components. The statistics of the model allows it to

account for the natural fluctuations in the micro- and nanomechanical behaviour. The

mechanical interplay was included by embedding two classical shear lag models for

both the mineral and collagen interaction within a mineralised collagen fibril and the

interaction of the fibril within the extrafibrillar matrix. The model outputs distributions

for the mechanical responses and, thus, directly corresponds to results from SAXS and

XRD signal analyses.

Nanoscale imaging was used to extract ultrastructural features from the mineralised

collagen fibres. This information was used as input for the statistical constitutive

model next to the micromechanical testing results. Micropillars were scanned by

means of synchrotron radiation X-ray phase contrast nanometre computed tomography

(SRnCT) at a nano-probe beamline of the ESRF. The nanometre resolution allowed it to

identify a gradual nonlinear recruitment of mineralised collagen fibrils that influences the

experimental findings during the mineralised collagen fibre compression tests. It explains

small strain ratios between the fibre components and the apparent fibre behaviour. This

served to be a necessary feature for the model to explain the experimental findings.

To study the quasi-physiologic compressive behaviour of the mineralised collagen fibre

and to quantify the effect of hydration on its multilevel mechanical behaviour, the

combined micropillar and SAXS/XRD set-up was extended to allow the testing of

rehydrated mineralised collagen fibres. A direct comparison of dry and quasi-physiologic

conditions was possible. We further used the developed statistical constitutive model to

explain the micro- and nanoscale mechanical behaviour of a mineralised collagen fibre

under wet conditions and to identify changes in the initial mechanical properties that

led to the experimental results.



2 Materials and Methods

The first part (Section 2.1) deals with the compressive behaviour of mineralised collagen

fibres at the micro- and nanoscale. It discusses the integrated micro- and nanomechanical

approach for the dry testing of micropillars of single mineralised collagen fibres. It

includes details on the newly developed preparation protocol to extract micropillars from

individual mineralised collagen fibres. It further shows how micropillar compression was

combined with SAXS and XRD measurements to obtain the deformation behaviour of

the mineralised collagen fibre, the mineralised collagen fibrils and the mineral particles.

The second part (Section 2.2) presents details on a statistical constitutive model for

the compressive behaviour of a mineralised collagen fibre. It outlines the mathematical

analytical framework based on thermodynamics of irreversible processes and shows how

two classical shear lag models were embedded to eventually simulate the elasto-plastic

behaviour of a mineralised collagen fibre and its mechanical interplay with its main

mechanical components. The section also includes the numerical algorithm for the

simulation in Mathematica.

The third part (Section 2.3) outlines the use of imaging techniques to study the physio-

chemical composition of the samples. It includes details on the synchrotron radiation

X-ray phase-contrast nanometre tomography (SRnCT) to extract ultrastructural features

of the mineralised collagen fibre that were used as model input parameters for the

statistical constitutive model. Raman microscopy and energy dispersive X-ray micro-

analysis (EDX/EDS) will be discussed which served to check effects of the sample

preparation procedure on the material.

The fourth part (Section 2.4) illustrates a rehydration set-up for the combined micropillar

compression and SAXS/XRD measurements. It allowed it to test mineralised collagen

fibres under quasi-physiologic conditions and to quantify the apparent fibre deformation

and interplay with its mechanical components. Further, the statistical constitutive

model developed in the second part is used to investigate the hydration induced changes

of the micro- and nanomechanical fibre behaviour.

14
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2.1 The micro- and nanomechanical compressive behaviour of

mineralised collagen fibres

2.1.1 Micropillar extraction from individual mineralised collagen fibres

Ten turkey legs were obtained from a local abattoir and kept frozen at -22◦C until

dissection. After thawing, surrounding tissues were removed and a bundle of flexor

tendons of the tarsometatarsus (part of the lower leg) was dissected. From this bundle,

a naturally highly mineralised tendon [35, 50] with about 100.0 mm in length and

about 4.0 mm in width was separated. The separated mineralised tendon was the same

for every specimen and further cut with a diamond band saw (Exakt, Reichert-Jung,

Germany) and a scalpel in transverse and longitudinal direction. Resulting tendon

pieces of about 1.5 mm in diameter and 10.0 mm in length were dried at ambient room

temperature for 24 h before being glued into cylindrical aluminium sample holders

using a 2-component epoxy resin adhesive (Schnellfest, UHU, Germany) so that a 2.0

mm tendon piece was exposed for further machining. The free end was polished with

an ultramiller (Polycut E, Reichert-Jung, Germany) to create a plane surface for the

compression tests (Figure 2.1).

Ultra-short pulsed laser ablation [159, 160] was then used to cut pre-pillars of 32.85

± 0.91 µm in diameter and 50.01 ± 4.04 µm in height (TruMicro 5250-3C, Trumpf,

Germany) centred around a single mineralised collagen fibre. Fibres were chosen at the

edge of the tendon piece and surrounding material was removed to allow for simultaneous

micropillar compression and X-ray scattering/diffraction measurements. For the current

study, mineralised collagen fibres were selected from the interstitial region of the tendon

(Section 1.2) to facilitate the fabrication of micropillars from single mineralised collagen

fibres. A laser wavelength of λ = 515 nm was used at a pulse duration of 6 ps and

a pulse repetition frequency (PRF) of 1 kHz. The 1/e2 diameter laser spot diameter

was 20 µm which corresponds to 1/e2 (' 0.135) of the maximum laser intensity of the

Gaussian beam. In laser optics, this measure is used in relation to the Gaussian beam

intensity profile [160, 161]. For the laser scanning pattern, a spiral inbound anticlockwise

hatch with a 2 µm spot separation along the spiral was used at a scanning speed of

2 mm/s. Separate rectangular and circular scanning patterns were programmed for

the successive removal of the surrounding material and the fabrication of the actual

pre-pillar, respectively. The surrounding material was removed first. The used laser

parameters corresponded to a fluence of 3.86 J/cm2 and a beam overlap of 90%. This

led to a plasma mediated ablation process and a Coulomb explosion minimising the
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Figure 2.1: The overview illustrates the extraction of individual mineralised collagen fibres
(MCFs) by means of dissection, ultra-milling, ultra-short pulsed laser ablation and focused
ion beam milling. The SEM image shows the final micropillar. The extracted mineralised
collagen fibre was tested mechanically until failure by means of micropillar compression while
small angle X-ray scattering (SAXS) or X-ray diffraction (XRD) measurements were acquired.
ROI = region of interest.

thermal impact and the heat affected zone [159, 160, 162–165]. A Coulomb explosion

is characterised by an intense electromagnetic field that transfers energy into atomic

motion leading to a controlled ionisation of molecules. This ionisation is followed by

the creation of a bubble of plasma, a moveable sea of electrons and ions which can

ablate tissue with negligible heat transfer and collateral damage. The concept of plasma
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mediated laser ablation is based on local excitations through nonlinear absorption and

the use of pulsed laser systems allows it to achieve high instantaneous powers for this

nonlinear absorption while it avoids a linear heating of the sample by maintaining

sufficiently low average powers [159, 160, 162–165]. The heights and diameters of the

pre-pillars were quantified by means of three-dimensional surface topography profiles

using non-destructive focus-variation microscopy [166] as well as SEM. Regions of

interests (ROIs) were identified with a light microscope preceding the ablation process

(Alicona Infinite Focus, Austria) (Figure 2.1). Fibres were chosen at the edge of the

tendon piece to allow for a wide diffraction and scattering angle for the synchrotron

beam after the interaction with the sample. The ablation protocol was iteratively

identified by the quantitative analysis of corresponding 3D surface profiles [166] and

light microscopy (Alicona Infinite Focus, Austria). Based on these pre-processing steps,

the programmed laser scanning protocol was centred on individual mineralised collagen

fibres for every specimen. Effects of the laser ablation protocol on the material were

checked with a light microscope (Alicona Infinite Focus, Austria), Raman measurements

(Sections 2.3.2 and 3.3.2) and EDX/EDS (Sections 2.3.3 and 3.3.3).

Focused ion beam milling (FIB) (dual FIB-SEM Quanta 3D FEG, FEI, USA), operated

at E = 30 keV, was then used to cut the final micropillars. Since the diameter of

the beam correlates to the beam current, the beam current was reduced along three

successive steps from coarse to fine milling. A coarse milling step at I = 7.0 nA machined

a pillar of 10-12 µm in diameter and 12-15 µm in height, a second step at I = 0.5 nA

milled down the pillar to 7.5-8.5 µm in diameter and a third step at I = 0.3 nA polished

the pillar to the final diameter of 6.0-7.5 µm. The diameter, height and aspect ratio

(mean ± standard deviation) of the micropillars were determined from SEM images

(E = 5 keV and 52◦ specimen tilt): diameter = 6.08 ± 0.83 µm, height = 12.44 ±
1.78 µm, aspect ratio = 2.12 ± 0.23 (Figure 2.1). To minimise the drift during the

milling process due to charging, samples were sputtered with gold and a silver paste

was applied next to the tendon piece to close the gap between the inner edge of the

aluminium cylinder. Occurring beam shifts were corrected manually. To assess possible

effects of the FIB induced Gallium implantation on the fibre’s mechanical behaviour,

Monte Carlo simulations of ion-solid interactions were performed (Section 2.1.5).

Figure 2.2 illustrates the outcome of the different steps of the preparation protocol

with respect to the hierarchical structure of the mineralised tissue as outlined in the

introduction (Section 1.2). Most importantly, the preparation protocol allowed it to

extract micropillars from a individual mineralised collagen fibre on a sample geometry



CHAPTER 2. MATERIALS AND METHODS 18

suitable for combined micropillar compression tests and SAXS/XRD measurements

(Figure 2.3). Possible effects of the sample preparation procedure on the physio-

chemical composition of the tissue were assessed by Raman microscopy and EDX/EDS

microanalysis (Sections 2.3 and 3.3).
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Figure 2.2: Preparation outcome for different hierarchical levels illustrating the separation
of a micropillar from an individual mineralised collagen fibre as the final outcome of the
preparation process (right image adapted from [51]).

2.1.2 Combined micropillar compression and SAXS/XRD

A portable custom-built micro-/nanoindenter (Alemnis AG, Switzerland) with a diamond

flat punch (Synthon MDP, Switzerland) was aligned with the experimental set-up at

the microfocus beamline ID13 of the European Synchrotron Radiation Facility (ESRF)

to allow simultaneous micropillar compression tests and SAXS or XRD acquisitions

(Figure 2.4). After sample mounting, the micro-/nanoindenter was controlled remotely

from the beamline hutch. First, the indenter was aligned with the beam path and

the detector using the sample stage of the beamline (base) (Figure 2.4). The flat

punch was aligned with the micropillar based on the focal range of the microscope

adjusting the x-position of the sample stage of the indenter. The parasitic and air

scattering were limited by placing an aperture close to the sample and a flight tube
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Figure 2.3: Experimental measurement concept for simultaneous micropillar compression
and SAXS/XRD. The SEM image shows the top view of the laser ablated trenches to allow the
X-ray beam to pass through to the FIB-milled micropillar. These micropillars were extracted
from individual mineralised collagen fibres and compressed with a flat punch (Figure 2.18)
while SAXS or XRD patterns were captured at 120 discrete time points. Tests were done in
two groups SAXS and XRD to quantify the fibril and mineral strain while the apparent fibre
behaviour was measured by the integrated micro-/nanoindenter. To ensure a reproducible
laser ablation process and to account for different reactions of the material due to natural
variability, a pre-pillar was cut at the opposite edge of the sample to adjust the laser power if
necessary. These pre-pillars were also checked by means of light microscopy and focus-variation
microscopy. The experimental set-up was realised in dry (Figure 2.4) and wet conditions
(Figure 2.18).

filled with helium between the sample and the beamstop. The position of the beam

stop, used to absorb the transmitted beam, was optimised to allow measuring SAXS at

sufficiently low angles while allowing moving the detector sufficiently close to the sample

for large angle measurements (XRD). The samples were compressed uniaxially in a

displacement-controlled test to 1.5 µm deformation at 5 nm/s including 50 nm partial

unloading steps every 150 nm while load, displacement and time data were recorded

throughout the measurements.

Two groups of samples were used to measure either SAXS or XRD to obtain the

deformation of the mineralised collagen fibrils (fibril strain = strain in the calcified

collagen phase) and mineral nanocrystals (mineral strain = strain in the mineral phase),

respectively. A single acquisition was taken every 5 s at E = 13.3 keV. The exposure

time per acquisition was 75 ms for SAXS and 185 ms for XRD for a total of 120

acquisitions per sample where they were not exposed to radiation between consecutive
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Figure 2.4: A custom-built micro-/nanoindenter was implemented into the beamline ID13
of the ESRF. The top left image shows a side view of the whole set-up with the detector in
XRD position. The microscopic image on the bottom left was taken during the alignment
process. The right image shows a close-up of the micro-/nanoindenter and the X-ray set-up.

acquisitions. The beamsize was focused to w 5.5 µm in vertical direction and w 7.0 µm

in horizontal direction using a combination of beryllium lenses and a transfocator. The

samples were positioned at the focal spot at a location within the micropillar which was

chosen to be the same for every sample. To reduce the exposure time, the scattering

data were acquired using a single-photon counting detector (Eiger, Dectris, Switzerland).

Selected exposure times for both the SAXS and the XRD regime were chosen in order

to minimise effects of X-ray radiation on the deformation and fracture behaviour of

the tissue, especially the plasticity of the material [167, 168] while ensuring a sufficient

X-ray scattering signal intensity for the data analysis. The influence of irradiation on

the mechanical behaviour of the samples were assessed by relaxation tests in both the

SAXS and XRD groups as well as based on the apparent stress-strain data during

testing. Details can be found in Section 2.1.6.

2.1.3 Integrated mechanical and structural analysis

Custom codes written in Python (Python Software Foundation, Python Language

Reference, version 2.7) were used to analyse the mechanical data at the fibre level,

primarily based on the SciPy [169] and NumPy [170] packages. Recorded displacement
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data were frame-compliance and base-compliance corrected. For the base-compliance

correction, a modified Sneddon approach [171, 172] was used to account for the elastic

sink-in of the micropillar into the substrate beneath (elastic half-space) while considering

a fillet radius at the bottom of the micropillar following established protocols [26, 67, 172].

Corrected engineering strains εeng in axial direction of the tendon were then determined

based on the initial unloaded condition and geometric dimensions of the micropillars.

Compliance-corrected engineering stresses in the tendon’s axial direction σeng(e3 ⊗ e3)

were calculated by dividing the force by the top surface micropillar area. Assuming

constant volume (i.e. the Jacobian of the deformation gradient J(X,t) = det (F(X),t)

= 1 in σ = J-1 P FT), the data were transferred to true stress-strain values, σ33

and ln(U33) (referred to as ε33 within the text), according to the following relations

[26, 173]:

σ33 = σeng(1 + εeng) (2.1)

ln(U33) = ln
(
1 + εeng

)
(2.2)

Stress-strain data were fitted with a natural cubic spline with ten degrees of freedom

(df) using the inflection points of loading and (partial) unloading segments as nodes.

This envelope curve was used to extract yield stress σ
yield
33 and yield strain ε

yield
33 which

were determined based on the 0.2% - offset criterion (Figure 2.1). Strength σstr
33 and

ultimate strain εult
33 were identified via the maximum of the envelope. Apparent moduli

were calculated via a least squares regression as the slopes of the (partial) unloading

segments in the elastic and post-yield region with the fibre’s apparent Young’s modulus

ε f ibre identified as the last stiffness value before the yield point (Figure 2.1). The

substrate modulus εsub was defined as the steepest slope of the envelope using a moving

regression algorithm. Plastic strains ln(Up
33) were calculated based on the intersection

of the 0.2% - offset criterion used to calculate the yield point and the apparent moduli

values identified in the post-yield region [26] according to:

ln
(
Up

33
)

= ln(U33)− σ33

ε f ibre
. (2.3)

To estimate damage as stiffness reduction, apparent moduli in the plastic region were

normalised to the fibre’s apparent Young’s modulus value. A least squares regression

was used to assess the stiffness evolution.

Since no direct measurements of stresses were accessible in the mineral phase and the
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calcified collagen phase, with the latter representing the cooperative deformation of

the mineralised collagen fibrils, apparent pseudo-stiffness values in the mineral phase

εmineral and mineralised collagen fibrils ε f ibril were identified as slopes of the least

squares regression of apparent true stresses plotted against mineral and fibril strains in

the elastic region, respectively. Although only based on the applied apparent stress, the

comparison of the apparent pseudo-stiffness at the different levels provides a mechanistic

insight on how load is transferred between the phases. In this respect, protocols from

the literature [80, 82, 174–176] were followed, to also allow for a direct comparison with

reported values and to avoid the assumption of non-measured experimental data such

as density values, mineral volume fractions and aspect ratios of the constituents that

influence their moduli [156].

Fibril and mineral strains were analysed based on SAXS and XRD patterns recorded at

different stages of the loading and (partial) unloading segments. The sharp Bragg peaks

in the SAXS pattern (meridional reflections) can be attributed to the periodicity gaps in

the axial arrangement of the intrafibrillar collagen molecules, at least partially filled by

mineral nanocrystals [33, 74–77]. Fibril strains were determined by analysing changes of

the D-period along the loading protocol with an unloading state as the reference. The

SAXS pattern thus represents the deformation behaviour of the mineralised collagen

fibrils in the used X-ray scan window. In detail, the calculation of strain was based on

the initial X-ray acquisition for both the SAXS and the XRD regime where the sample

was still unloaded, i.e. no contact was made between the flat punch of the indenter

and the top surface of the micropillar. To check the initial values of the D-period

spacing of the mineralised collagen fibrils and to estimate possible residual strains, the

D values were calculated for the samples based on the SAXS patterns and the relation

d = 2πn
q where q denotes the wave vector identified via the integration of the radial

profile (Figure 2.5) and n the order of the SAXS Bragg reflection. The broad diffuse

scattering in the middle part of the SAXS pattern perpendicular to the axial direction

can be attributed to the lateral packing of the collagen molecules, which is known to

be less ordered than in the axial direction [68, 77, 78] (Figure 2.5). The XRD pattern

represents the diffraction peaks of the mineral particles of carbonated hydroxyapatite

characterised by a hexagonal crystal lattice structure. The 002-reflection arises from a

crystal lattice plane that lies perpendicular to the longitudinal crystal axis. Shifts in

the peak position of the signal then allow it to track the changes in the mineral phase

along the axial direction. Mineral strains were determined by analysing radial profiles

of the 002-peak intensities (Figure 2.5) [43, 70, 71, 73] based on the initial acquisition
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Figure 2.5: SAXS and XRD data-analysis procedure. Left: Close-up view of a representative
SAXS-pattern of mineralised collagen fibrils (mineralised collagen composite). The analysis
was based on the 5th order of the Bragg reflections. The diffuse scattering from the indenter
imposed the choice of a small beamsize in the vertical direction as well as short exposure times.
Right: Close-up of a representative XRD-pattern. The analysis was based on the 002-reflection
representing the c-axis of the mineral nanocrystals and the axial direction of the mineralised
collagen fibre. Azimuthal integration sectors were chosen to track the corresponding peaks
during the loading cycle. White areas denote regions with zero intensity due to both the
shading of the beam stop and ”dead zones” of the detector. These areas were omitted from
the data analysis. Both patterns, SAXS and XRD, show a preferred azimuthal orientation
along the longitudinal direction of the fibre and fibril.

of the unloaded condition of the sample. Engineering strain values were transferred to

logarithmic strains as described before. To analyse the 5th Bragg peak and 002-reflection

changes, positions of the integrated peak intensities were fitted with a Gaussian, where

initial values were based on the overall overlay of all 120 acquisitions (Figure 2.6, left).

The background was fitted with a first order polynomial to account for diffuse and

parasitic scattering. Resulting q-values (Gaussian peak positions) were converted to

d-values following the relation q = 2π/d and the total acquisition time was calculated

based on the exposure time, the latency of the detector and the time in between X-ray

acquisitions when the shutter was closed. The preferred initial orientations of both

the mineralised collagen fibrils and the mineral nanocrystals were quantified based on

the maximum azimuthal intensity over an integration range from 0 to 2π of the initial

X-ray acquisition in the unloaded state of the samples. The longitudinal axis of the

mineralised collagen fibre corresponds to η = 90◦ and η = 270◦ for both the mineral

and the calcified collagen phases (Figure 2.7). More specifically, the orientation of

the carbonated hydroxyapatite crystals was assessed via the azimuthal distribution of

the integrated intensity along the Debye-Scherrer ring of the 002-reflection and the
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orientation of the mineralised collagen fibrils along the 5th order SAXS Bragg peak.

Data analysis was done with two software packages, a Python based custom-written

software called ”pySXIm” (courtesy of Aurélien Gourrier, Université Grenoble Alpes,

CNRS, LIPhy, France), and the ESRF-developed software Fit2d [177].

The calibration to determine the beam centre, sample-to-detector distance and tilt angle

was done using silver behanate (SAXS) and dialuminium dioxide (XRD). To allow an

overall comparison between strain data at mineral, fibril and fibre levels, the data were

fitted with a natural cubic spline with ten degrees of freedom (Figure 3.3). Strain ratios

between fibril and fibre levels as well as mineral and fibre levels were calculated at the

yield point and the point of compressive strength based on the cubic splines. Strain

ratios in the elastic region were further calculated as the slope of the least squares

regression in the elastic region of fibre and fibril strains as well as fibre and mineral

strains. To study the deformation behaviour between the constitutive phases during

different stages of compressive loading, the quotients of these strain ratios at yield point

and compressive strength were calculated for each sample. This allowed it to estimate

possible shifts in the contribution and the proportion of strain taken up by the fibrils

and mineral particles. Microindenter- and X-ray data were synchronised based on time

stamps in the corresponding data log files to account for the offset between the X-ray

acquisitions and mechanical loading data. To compare data from different hierarchical

levels, data pairs were thus identified based on the times when the sample was exposed

to X-rays using a custom-written Python code (Figure 2.6).

2.1.4 SEM based failure mode analysis

Failure modes and failure patterns of the compressed micropillars were assessed based

on SEM images (Quanta 3D FEG, FEI, USA, backscattered electrons, E = 5 keV,

tilt angle = 52◦) and failure modes reported in the literature. A classification scheme

was developed accordingly. Samples were not re-sputtered for the post test failure

analysis to avoid that features in the fractured micropillars are being disguised by

the gold sputtering. The mineralised collagen fibre was considered as a unidirectional

fibril-matrix reinforced composite [63]. The classification categories were derived from

compressive and tensile failure modes as well as toughening mechanisms reported for

fibre reinforced composites [178–192] and bone tissue [26, 37, 67, 193–198] where more

than one failure mode could be present in a single specimen at the same time [184]. The

identified classification schemes were as follows: (i) Interfibrillar matrix fracture, (ii)

Fibril-matrix interface failure (debonding, ’Bulging’) with fibril microbuckling (matrix
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Figure 2.6: X-ray acquisition points and peak fitting for fibril and mineral strain analysis.
Left: Scan points when the micropillars were exposed to X-ray radiation. A total of 120
acquisitions were taken covering loading and (partial) unloading segments of the quasi-static
compressive loading. The acquisition points represent the data pairs between fibre level and
fibril and mineral levels, respectively, that were identified during the synchronisation procedure.
Right: Overlay of radial profiles of the 002-reflection of all 120 acquisition including the fit
of the peak position with a Gaussian function and a fit of the background noise with a first
order polynomial function.

Figure 2.7: Overlay of azimuthal profiles of the 002-reflection from the XRD pattern and the
5th Bragg peak of the SAXS pattern for all 120 X-ray-acquisitions illustrating the position of
the highest intensity of the scattering signal and thus the preferred structural orientation of
the mineral particles and the mineralised collagen fibrils, respectively. Intensity drops to zero
and random spikes around 200, 260 and 340 degrees for the left XRD pattern and around 330
degrees for the right SAXS patten are due to ”dead zones” and irregularities of the detector
array arrangement. These areas did not influence the data analysis.
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yielding), (iii) Kink band formation (localised shear plane), (iv) Fibril fracture (with

buckling) , (v) Fibril microbuckling (matrix elastic), (vi) Longitudinal cracking, (vii)

Filament based crack bridging. All micropillars were assigned to one or a combination

of these failure modes and corresponding mean values and standard deviations for yield

stress, strength, yield strain, ultimate strain and Young’s modulus at the fibre level

were related to the failure modes (see section 3.1.3).

2.1.5 FIB induced gallium implantation

To estimate possible effects of the FIB induced gallium implantation on the mechanical

fibre behaviour, Monte Carlo simulations (MCS) of ion-solid interactions were performed

for two incident angles θ = 0◦ and θ = 70◦ accounting for the different milling steps.

The incident angle of θ = 70◦ accounts for the slope like shape of the pre-pillars

due to the Gaussian shape of the laser beam during the laser ablation process. The

ion-matter interaction was simulated for a total of 100000 ions at the same energy of

E = 30.0 keV as used during the FIB-milling process (Section 2.1.1). The calculations

were done with the software SRIM [199] and are based on a quantum mechanical

treatment of ion-atom collisions. They make use of the binary collision approximation

(BCA) as the MCS method, i.e. independent binary collisions between atoms and

straight paths of atoms between collisions are assumed [199]. For the purpose of this

study, the material composition for cortical bone (ICRU-119, from the database of the

International Commission on Radiation Units & Measurements, US) from the software’s

compound library was used due to its similarities to the composition of mineralised

turkey leg tendon.

2.1.6 Influence of irradiation

The influence of the X-ray beam was assessed via multiple approaches. A beam induced

deterioration of the material was quantified based on the continuously recorded load and

displacement data and the corresponding stress-strain curves. This included the analysis

of any impact on the stiffness evolution based on the unloading segments of the loading

protocol. A beam induced deterioration of the material was, thus, quantified at the

fibre level with the micropillar compression test (see 2.1.3). In addition, uniaxial stress

relaxation tests were done in the SAXS and the XRD regime. One micropillar each was

loaded until 0.3 µm displacement and kept constant for thold = 1130 s for the SAXS

sample and thold = 476 s for the XRD regime. To assess the influence of irradiation in the
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SAXS regime, the micropillar was exposed to radiation every 5 s with an exposure time

of 0.075 s. The first acquisition was started at around 428 s after the stress relaxation

test was initiated (Figure 3.7). In the XRD regime, the micropillar was exposed to

120 X-ray acquisitions with an exposure time of 0.185 s without the intermediate time

steps resulting in a shorter total time of the test unlike the actual testing situation

which was due to an operator error (Figure 3.7). Relaxation characteristics in the

irradiated and non-irradiated state of the micropillar were compared based on fitting

an exponential function to the time-dependent load and relaxation data during hold

time using a nonlinear regression model in R [200] (Figure 3.7).

2.2 A statistical constitutive model for the compressive

behaviour of a mineralised collagen fibre

2.2.1 Samples and experimental data

Experimental stress and strain data from testing individual mineralised collagen fibres

as outlined in section 2.1 were available for the model validation. These included the

apparent mechanical properties as well as the strain ratios. As in the experiments, we

simulated the mineralised collagen fibre behaviour for a quasi-static loading protocol at

5 nm/s until a mean maximum strain of 12% including partial unloading steps of 50 nm

every 150 nm. A comparison between the experimental and numerical results were

made regarding the apparent yield values, the compressive strength and stiffness values

at the mineralised collagen fibre level (microscale). The strain ratios between the fibre

components (nanoscale) and the fibre were used to quantify the mechanical interaction

between these structures. Six of these micropillars were also used for post-test nanoscale

imaging to extract ultrastructural features for the model input.

2.2.2 Statistical mineralised collagen fibril array model

Our model is based on a nonlinear, rate-independent constitutive model developed to

explain the scale transition between the extracellular matrix and millimetre length scales

in bone tissue [26, 147]. We extend and downscale this model to provide a complementary

link between the extracellular matrix level and mineralised collagen fibrils as well as

mineral particles. This was necessary to allow for a distinction between the intra- and

extrafibrillar regions within the mineralised collagen fibre which represents a fibril-

matrix reinforced composite. The model is further enriched with two classical shear lag
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Figure 2.8: A parallel arrangement of mineralised collagen fibrils is used to model the
mechanical behaviour of a uniaxial mineralised collagen fibril array (mineralised collagen fibre).
Densely packed mineralised collagen fibrils are embedded in an extrafibrillar matrix. Fibrils
show a staggered arrangement of collagen molecules with mineral particles located in the gap
regions. The extrafibrillar matrix consists of non-collageneous proteins, mineral particles and
water. The rheological model represents the fibril array with N elasto-plastic elements loaded
with a stress σ. ξ and ε0n are related to the nonlinear fibril recruitment function (Section 2.3.1)
with ε0n representing an element specific strain offset value (Sections 2.3.1, 3.3.1). Statistical
distributions for the model input parameters account for their natural variability. The model
output includes the total stress as the sum of the partial stresses and statistical distributions
of strain ratios between the fibril and the fibre levels as well as the mineral and the fibre
levels. Stress transfer between the components and strain ratio distributions are calculated by
embedding two classical shear lag models (Section 2.2.4).

models to calculate strain distributions between the mineral particles, the mineralised

collagen fibrils and the mineralised collagen fibre (Section 2.2.4). We, thus, consider a

uniaxial array of mineralised collagen fibrils embedded in an extrafibrillar matrix, thus,

considering the mineralised collagen fibre as a fibril-reinforced composite (Figure 2.8).

As a parallel arrangement of N elasto-plastic rheological elements, the input values

(Table 2.1) represent an average mineralised collagen fibre with mineralised collagen

fibrils and extrafibrillar matrix, which we redistribute onto our parallel arrangement.

Values of the single elements are then calculated based on their total number (Section

2.2.4). To include the natural fluctuations for mechanical and structural properties of

biological tissues (natural variability), we used statistical distributions. We assumed a

normal distribution for a variable X, so that P(X) ∼ N (µ, ς2) with µ as the mean and

ς as the standard deviation of X for n rheological elements. Thus, normal distributions

of a variable X were calculated via:

P(X) =
1

ς
√

2π
e
− (x−µ)2

2ς2 (2.4)
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We assumed a normal distribution for the following variables: stiffness values, yield

strains, ultimate strains, hardening moduli and aspect ratios for the components as well

as dependent quantities. Where accessible, mean values were taken from the compression

experiments at the fibre level (Sections 2.1 and 3.1). The natural variability was then

represented by using a standard deviation of 15%, motivated by our experimentally

observed average variations at the fibre length scale. Structural information such as

mineralised collagen fibril diameter, packing density, fibril orientation and fibre tissue

density (mineralisation) were extracted from nanoscale imaging measurements (Section

2.2.5). Additional parameters such as volume fractions were informed by the literature

(Section 2.2.5 and Table 2.1). The parallel arrangement leads to the total stress σtot

being the sum of the partial stresses σn of the single rheological elements.

In the following sections, we develop the analytical mathematical framework for a single

rheological element (Section 2.2.3) and describe how we combined our statistical mod-

elling with two classical shear lag models for both the mineral and collagen interaction

within a mineralised collagen fibril and the mineralised collagen fibril interaction within

the extrafibrillar matrix [155, 201]. This allowed us to calculate strain ratio distributions

for the mineralised collagen fibre and its main mechanical components (Section 2.2.4).

2.2.3 Analytical mathematical framework for single rheological elements

A single element of the parallel setting (Figure 2.8) consists of an elastic spring set

in series with two plastic sliders that govern the plastic behaviour (Figure 2.9). The

mineralised collagen fibrils are composed of several collagen molecules and mineral

particles forming a mineral-collagen (mc) composite embedded in an extrafibrillar matrix

(ef). We assume a series arrangement since strain is different by 40-50% intra- and

extrafibrillar based on literature values [70, 79, 142] and our experiments (Section 3.1).

An additive decomposition (Green-Naghdi decomposition) [202] of the total strain into

elastic and plastic strains was used (Section 2.2.3) following established concepts for

theoretical models of rate-independent plasticity [147, 203–205]:

ε = εe + εp = εe + εp,mc + εp,e f (2.5)

The plastic deformation is, thus, split into the fibril composite of mineral and collagen

εp,mc and the extrafibrillar matrix εp,e f . Energy can be dissipated intra- and extrafibrillar.

Within the fibril, it is reported to be related to shear strain between the mineral and the

collagen, shearing in the interparticle collagen matrix, stress transfer between adjacent
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particles and intrafibrillar sliding [71, 142, 206]. Extrafibrillar energy dissipation is

related to the rupturing of sacrificial bonds and stretching of hidden lengths representing

predominantly shear deformation and friction of the matrix glue layer when the bonds

break [37, 207–209].

We use a piecewise definition of the Helmholtz free energy where its formulation depends

on whether the strain in the intra- or extrafibrillar region has reached the ultimate

strain value of the corresponding part. A detailed motivation and justification of this

formulation is given in Appendix B (Section 7.2). We consider an isothermal process

and the Helmholtz free energy ψ is then given by [204, 210]:

ψ(εe) = ψ(ε, εp,mc, εp,e f ) =



1
2 ε(ε− εp,mc − εp,e f )2, εp,mc < εp,mc,ult

∅, εp,mc ≥ εp,mc,ult

1
2 ε(ε− εp,mc − εp,e f )2, εp,e f < εp,e f ,ult

∅, εp,e f ≥ εp,e f ,ult

(2.6)

The definition accounts for the fact that the plastic sliders break down at ultimate

strains εp,mc,ult and εp,e f ,ult and the corresponding rheological element is taken out of

the calculation where ψ is not defined. For the intrafibrillar region, this is the case

when εp,mc ≥ εp,mc,ult, for the extrafibrillar region when εp,e f ≥ εp,e f ,ult.

Quasi conservative and dissipative forces can be derived from the free energy potential

in Equation (2.6) as its derivatives with respect to the independent kinematic state

variables [210]. The quasi conservative forces, i.e. the total stress, and the dissipative

forces, i.e. the plastic stresses, of our model are then calculated as the material stresses.

The total stress is determined as the partial derivative of the free energy with respect

σ σϵ

εe εp,mc εp,ef

hmc hef

ε

εp,mc,ult εp,ef,ult

Figure 2.9: A single rheological element of the model combines an elastic spring and two
plastic sliders in series with the latter being divided into an intrafibrillar (mc = mineral-
collagen) and extrafibrillar part (ef = extrafibrillar). The plastic sliders represent energy
dissipation mechanisms in these regions under compressive stress σ. ε denotes the Young’s
modulus. Linear hardening is considered via hmc and he f . The plastic sliders break down at
ultimate strains εp,mc,ult and εp,e f ,ult.
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to the total strain ε [210]:

σ =
∂ψ

∂ε

= ε(ε− εp,mc − εp,e f ) (2.7)

The plastic stress related to the intrafibrillar region, i.e. the mineralised collagen fibril,

is determined as the partial derivative of ψ with respect to the plastic strain εp,mc:

σp,mc = − ∂ψ

∂εp,mc

= ε(ε− εp,mc − εp,e f ) (2.8)

Due to the piecewise formulation of the free energy ψ (Equation 2.6), we, thus, have a

piecewise definition of the plastic stress in the intrafibrillar region:

σp,mc =


ε(ε− εp,mc − εp,e f ), εp,mc < εp,mc,ult

∅, εp,mc ≥ εp,mc,ult
(2.9)

The plastic stress related to the extrafibrillar matrix is determined as the partial

derivative of ψ with respect to the plastic strain εp,e f :

σp,e f = − ∂ψ

∂εp,e f

= ε(ε− εp,mc − εp,e f ) (2.10)

As for the intrafibrillar region, we have a piecewise definition for the extrafibrillar region

according to Equation 2.6, which is then given by:

σp,e f =


ε(ε− εp,mc − εp,e f ), εp,e f < εp,e f ,ult

∅, εp,e f ≥ εp,e f ,ult
(2.11)

We formulated our rate-independent, elasto-plastic statistical constitutive model using

the framework of thermodynamics of irreversible processes [150, 204, 205, 210]. The

rate of the work done by the dissipative forces equals the power of dissipation and can

be defined via the dissipation potential Φ with the power of the forces described as

the scalar product of the force vector and the velocity of its point of application [210].
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These pairs represent conjugate variables and their scalar product their power [148, 211].

For isothermal processes, Φ only depends on the independent kinematic state variables

and the state of the system is completely determined by them. Thus, in our case, the

dissipation potential Φ is given by [148, 210, 211]:

Φ = σε̇− ψ̇ = σp,mc ε̇p,mc + σp,e f ε̇p,e f ≥ 0 (2.12)

This local formulation of the Clausius-Duhem dissipation inequality needs to be satisfied

for all possible processes of thermodynamically admissible systems [205, 212, 213]. As

the continuum statement of the second law of thermodynamics, dS ≥ 0, it states

that the entropy production dS is always positive. This is satisfied in the elastic case

by choosing a hyperelastic stress-strain relationship (Equation 2.7) and in the plastic

region by introducing associated flow rules. More specifically, we consider a standard

generalised model and the plastic strain is normal to the yield criterion f (σp,mc) or

f (σp,e f ) (normality rule) which leads to an associated plasticity model [150, 204, 213].

The behaviour of the plastic sliders (Figure 2.9) can be defined via yield functions of the

plastic stresses [26, 29, 150, 204, 205, 214]. The intra- and extrafibrillar yield criteria

are defined by:

f (σp,mc) := |σp,mc| − hmc = |σp,mc| − εεy,mc − χmcαmc (2.13)

f (σp,e f ) := |σp,e f | − he f = |σp,e f | − εεy,e f − χe f αe f (2.14)

εy,mc and εy,e f denote the yield strains and χmc and χe f the hardening modulus for

the mineralised collagen fibril and the extrafibrillar matrix, respectively. αmc and αe f

denote the accumulated plastic strains in the two regions:

αmc =
∫ t

0
|ε̇p,mc| dτ (2.15)

αe f =
∫ t

0
|ε̇p,e f | dτ (2.16)

For Eqs. (2.13) and (2.14) the Karush-Kuhn-Tucker conditions [215] apply [26, 204, 214,

216]. They define the necessary conditions for the plastic multipliers λmc
L and λ

e f
L in the

intra- and extrafibrillar regions to allow a minimum in the mathematical optimisation
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[215]:

f (σp,mc) ≤ 0, λ̇mc
L ≥ 0, λ̇mc

L f (σp,mc) = 0 (2.17)

f (σp,e f ) ≤ 0, λ̇
e f
L ≥ 0, λ̇

e f
L f (σp,e f ) = 0 (2.18)

The rate-independent flow rules can then be defined via the yield functions of the plastic

stresses in equations (2.13) and (2.14):

ε̇p,mc = λ̇mc
L

∂

∂σp,mc f (σp,mc) = λ̇mc
L

σp,mc

|σp,mc|
with (2.15)
======⇒ λ̇mc

L = |ε̇p,mc| (2.19)

ε̇p,e f = λ̇
e f
L

∂

∂σp,e f f (σp,mc) = λ̇
e f
L

σp,e f

|σp,e f |
with (2.16)
======⇒ λ̇

e f
L = |ε̇p,e f | (2.20)

The plastic stresses for the intra- and extrafibrillar region can then be written in relation

to the rate of the plastic strains. The first and third line in equations (2.21 and 2.22)

differentiate between compressive and tensile loading. It shows that the model can in

general be used for both loading cases. Since we focus on the compressive behaviour of a

mineralised collagen fibre in this thesis, we define the plastic region during compression

when the plastic strain rate is positive, so that the second and the third line are relevant

in the current formulation:

σp,mc =


−εεy,mc − χmcαmc, ε̇p,mc < 0

[−εεy,mc − χmcαmc; εεy,mc + χmcαmc] , ε̇p,mc = 0

εεy,mc + χmcαmc, ε̇p,mc > 0

(2.21)

σp,e f =


−εεy,e f − χmcαe f , ε̇p,e f < 0[
−εεy,e f − χmcαe f ; εεy,e f + χe f αe f ] , ε̇p,e f = 0

εεp,e f + χe f αe f , ε̇p,e f > 0

(2.22)

2.2.4 Extension with shear lag models and calculation of strain ratio

distributions

To account for the stress transfer between the mineralised collagen fibre and its mechani-

cal components, the mineralised collagen fibrils and mineral particles, we embedded two
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classical shear lag models [33, 141, 155–158] in our statistical model. They allow us to

calculate the intrafibrillar interaction of the mineral and collagen as well as the extrafib-

rillar interaction of the fibril within the extrafibrillar matrix to produce the apparent

mineralised collagen fibre deformation. Adaptations of these classical models were

needed to calculate the stiffness values and strain ratios. These included ratios between

the fibril and apparent fibre strain and the mineral particles and the apparent fibre

strain for every loading step. Effective apparent properties are divided by the number of

rheological elements to get values for a single element. Thus, calculated values represent

an average fibril, extrafibrillar matrix, and thus fibre, which we redistribute onto our

parallel arrangement. The effective apparent moduli show a statistical distribution

(Equation 2.4) since they depend on the statistics of other model parameters assumed

to be normally distributed (Sections 2.2.2 and 2.2.5 with Table 2.1). Therefore, our

model outputs statistical distributions for the micro- and nanomechanical responses.

The mean value of the strain ratio distributions, thus, directly simulates the strain

ratios determined experimentally by in-situ mechanical testing and X-ray scattering

measurements [69–71, 81, 88, 217].

Based on the classical shear lag models [33, 141, 155–158], we derived the probability

statistics for the effective apparent Young’s modulus of the mineralised collagen fibril

P(ε f ibril) where especially the works by Gao [201] and Yao and Gao [141] where used

for the multilevel approach:

P(ε f ibril) =

 φ f ibril

φmin P(εmin)
+

4 φcol(
φ f ibril γ2

min

(
φmin

φ f ibril

)2
)

P(µcol)


−1

(2.23)

With this, the probability statistics for the effective apparent Young’s modulus of the

mineralised collagen fibre P(ε) is given by:

P(ε) =

 1
φ f ibril P(ε f ibril)

+
4 φecp(

φ2
f ibril γ2

f ibril

)
P(µecp)

−1

(2.24)
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The probability statistics for the ratio between the strain of the mineralised collagen

fibrils and the apparent strain of the fibre P
(

ε f ibril
ε

)
can be calculated via:

P
(

ε f ibril

ε

)
=

1
ε
·
(

φ f ibril σ

φmin P(εmin)
+

4 σ φcol φ f ibril

(φ2
min γ2

min) P(µcol)
+ εp,mc

)
(2.25)

For the strain ratio between the mineral particles and mineralised collagen fibrils

P
(

εmin
ε f ibril

)
we have:

P

(
εmin

ε f ibril

)
= φ f ibril σ·(

φmin P(εmin)

(
φ f ibril σ

φmin P(εmin)
+

4 φcol φ f ibril σ(
φ2

min γ2
min
)

P(µcol)
+ εp,mc

))−1

(2.26)

With Equations (2.25) and (2.26), we determine the strain ratio between the mineral

particles and the apparent mineralised collagen fibre:

P
( εmin

ε

)
= P

(
εmin

ε f ibril

)
· P
(

ε f ibril

ε

)
(2.27)

2.2.5 Model input parameters

We based our model input parameters (Table 2.1) in part on experimental results at the

level of the mineralised collagen fibre (Sections 2.1 and 3.1). Ultrastructural properties

are extracted from SRnCT measurements (sections 2.3.1 to 2.3.1). For this study of

the thesis, mechanical properties were used as reported for dry conditions. A change of

these parameters to account for the influence of hydration on the mechanical properties

[67, 96–98] is presented in the third study of the thesis (Sections 2.4 and 3.4). A

standard deviation (Std) of 15% was assumed for all statistically distributed parameters

motivated by the average variation seen in the compression tests. Young’s moduli of

mineralised collagen fibril, mineralised collagen fibre and non collageneous proteins were

determined via the extended shear lag model (Section 2.2.4), the hardening moduli

as a result of the elastic stiffness values. For the ultimate strain values, the initial

failure was assumed to occur in the extrafibrillar matrix with no complete debonding

of intrafibrillar mineral and collagen ([187] and Section 3.1). The fibril yield strain

value is based on reported experiments [92, 142] and the yield strain in the extrafibrillar
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matrix then resulted from the experimental yield strain at the fibre level (Section 3.1)

and the series arrangement of our model. The number of rheological elements was

determined as the number of mineralised collagen fibrils (Section 2.3.1) and the mean

value and shape parameter for the nonlinear fibril recruitment function via the surface

roughness measurements, both from SRnCT imaging (Section 2.3.1). Remaining model

parameters were based on literature values.

2.2.6 Numerical algorithm

The model in sections 2.2.2 and 2.2.3 was implemented in Mathematica (V11.0. Wolfram-

Research, Champaign, IL, 2018). The loading protocol is given as strain versus

time based on our experimental protocol (Section 2.1). Since this corresponds to

a displacement-controlled compression test, the model simulates a strain-controlled test

with the corresponding strain increments provided as input. The total stress at each

new time step i + 1 is calculated as the sum of n element stresses:

σtot
i+1 =

N

∑
n=1

σi+1,n (2.28)

The same is done for the tangent operators:

dσtot
i+1

dεi+1
=

N

∑
n=1

σi+1,n

dεi+1,n
(2.29)

where n denotes the n-th rheological element of a total of N elements. For every new

time step, the total stress σtot
i+1 is calculated and the internal state variables are updated

based on the previous time step and a new total strain εi+1. In addition, the strain

ratio distributions between the mineralised collagen fibrils and mineralised collagen

fibre as well as the mineral particles and mineralised collagen fibre are calculated for

each new time step i + 1 (Section 2.2.4).

The plastic strain flow for a new total strain εi+1 can be computed with two trial stresses

σtrial,mc
i+1 and σ

trial,e f
i+1 based on the plastic strain of intra- and extrafibrillar regions of the

previous time step i. Since the element specific strain offset ε0n is a constant (Figure

2.8 and Sections 2.3.1, 3.3.1) it is left out in the following descriptions:

σtrial,mc
i+1 = ε(εi − ε

p,mc
i − ε

p,e f
i )− χmcε

p,mc
i (2.30)

σ
trial,e f
i+1 = ε(εi − ε

p,mc
i − ε

p,e f
i )− χe f ε

p,e f
i (2.31)
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Four cases need to be distinguished during the evaluation:

(C1) σtrial,mc < εεy,mc and σtrial,e f < εεy,e f fibril and matrix elastic (2.32)

(C2) σtrial,mc < εεy,mc and σtrial,e f ≥ εεy,e f fibril elastic, matrix plastic (2.33)

(C3) σtrial,mc ≥ εεy,mc and σtrial,e f < εεy,e f fibril plastic, matrix elastic (2.34)

(C4) σtrial,mc ≥ εεy,mc and σtrial,e f ≥ εεy,e f fibril and matrix plastic (2.35)

C1 Yield criterion respected for fibrils and matrix

No plastic flow occurs for both the mineralised collagen fibril and extrafibrillar matrix

and the internal variables are updated with their value at the previous time step:

ε
p,mc
i+1 = ε

p,mc
i (2.36)

ε
p,e f
i+1 = ε

p,e f
i (2.37)

The response is elastic and the stress is given by:

σi+1 = ε(εi+1 − ε
p,mc
i+1 − ε

p,e f
i+1 ) = εεi+1 (2.38)

and the tangent operator is:

dσi+1

dεi+1
= ε (2.39)

C2 Yield criterion respected for fibrils and violated for matrix

For the mineralised collagen fibrils, no plastic flow occurs and corresponding variables

are updated with their value at the previous time step.

ε
p,mc
i+1 = ε

p,mc
i (2.40)

For the extrafibrillar matrix, the yield criterion is violated and we get an equation

for the plastic strain ε
p,e f
i+1 via the implicit projection of the plastic stress on the yield

criterion [26, 29, 204, 205, 216, 223]:

f (σp,e f (εi+1, ε
p,e f
i+1 , ε

p,mc
i )) = 0 (2.41)
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The solution of this equation is:

ε
p,e f
i+1 =

ε
(

εi+1 − ε
p,mc
i − sign(σ

trial,e f
i+1 ) εy,e f

)
ε + χe f (2.42)

where:

sign(x) =


−1, x < 0

0, x = 0

1, x > 0

(2.43)

The resulting stress is given by:

σi+1 = ε(εi+1 − ε
p,mc
i+1 − ε

p,e f
i+1 ) (2.44)

and the tangent operator is then calculated as:

dσi+1

dεi+1
= ε

(
1− ε

ε + χe f

)
=

εχe f

ε + χe f (2.45)

Above the ultimate strain, i.e. |εp,e f | ≥ εp,e f ,ult, the plastic slider fails and:

σi+1 = 0. (2.46)

C3 Yield criterion violated for fibrils and respected for matrix

For the extrafibrillar matrix, no plastic flow occurs and corresponding variables are

updated with their value at the previous time step.

ε
p,e f
i+1 = ε

p,e f
i (2.47)

For the mineralised collagen fibrils, the yield criterion is violated and we get an equation

for the plastic strain ε
p,mc
i+1 via the implicit projection of the plastic stress on the yield

criterion (see case C2):

f (σp,mc(εi+1, ε
p,e f
i+1 , ε

p,mc
i+1 )) = 0 (2.48)
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The solution of this equation is:

ε
p,mc
i+1 =

ε
(

εi+1 − ε
p,e f
i − sign(σtrial,mc

i+1 ) εy,mc
)

ε + χmc (2.49)

The resulting stress is given by:

σi+1 = ε(εi+1 − ε
p,mc
i+1 − ε

p,e f
i+1 ) (2.50)

and the tangent operator is:

dσi+1

dεi+1
= ε

(
1− ε

ε + χmc

)
=

εχmc

ε + χmc (2.51)

Above the ultimate strain, i.e. |εp,mc| ≥ εp,mc,ult, the plastic slider fails and:

σi+1 = 0. (2.52)

C4 Yield criteria violated for fibrils and matrix

The yield criterion is violated for both the mineralised collagen fibrils and extrafibrillar

matrix. We, thus, consider a coupled plastic flow and have the following equations for

the plastic strains at the time step i + 1.

In this case, we need to perform simultaneous implicit projections of the plastic stresses

on the yield criteria for the intra- and extrafibrillar regions to get equations for the

updated plastic strains ε
p,e f
i+1 and ε

p,mc
i+1 :

f (σp,e f (εi+1, ε
p,e f
i+1 , ε

p,mc
i+1 )) = 0 (2.53)

f (σp,mc(εi+1, ε
p,e f
i+1 , ε

p,mc
i+1 )) = 0 (2.54)
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The solutions of this equation is:

ε
p,e f
i+1 =

ε
(

εi+1 χmc − εy,e f (ε + χmc) sign(σ
trial,e f
i+1 ) + εεy,mc sign(σtrial,mc

i+1 )
)

χe f χmc + ε(χe f + χmc)
(2.55)

ε
p,mc
i+1 =

ε
(

εi+1 χe f + εεy,e f sign(σ
trial,e f
i+1 )− εy,mc(ε + χe f ) sign(σtrial,mc

i+1 )
)

χe f χmc + ε(χe f + χmc)
(2.56)

The resulting stress is given by:

σi+1 = ε(εi+1 − ε
p,mc
i+1 − ε

p,e f
i+1 ) (2.57)

and the tangent operator is:

dσi+1

dεi+1
= ε

(
1− εχe f

χe f χmc + ε(χe f + χmc)
− εχmc

χe f χmc + ε(χe f + χmc)

)
(2.58)

=
εχe f χmc

χe f χmc + ε(χe f + χmc)
(2.59)

Above ultimate strains |εp,e f | ≥ εp,e f ,ult and |εp,mc| ≥ εp,mc,ult, the plastic sliders fail

and:

σi+1 = 0. (2.60)
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Table 2.1: Model identification for the mineralised collagen fibre behaviour. Own experimental
values were used where possible and referenced to the corresponding sections. Other values were
taken from the literature. Values from statistical distributions showed a natural fluctuation
when running the simulation several times. The reported values via shear lag, thus, correspond
to the mean of 30 simulations done with the same non-statistical model input parameters.

Model input parameter Variable Value Std Range Source

Number of rheological elements nele 618 - -
sections 2.3.1 and
3.3.1

Mineral volume fraction φmin 0.40 - - [17, 49, 156]

Collagen volume fraction φcol 0.47 - -
using φ f ibril and φecp
(see text)

Ecp volume fraction φecp 0.13 - - using φ f ibril (see text)

Fibril volume fraction in fibre φ f ibril 0.86 - - Sections 2.3.1, 3.3.1

Mineral particles aspect ratio γmin 25 - - [20, 142, 218–220]

Fibril aspect ratio γ f ibril 200 - - [20]

Mineral Poisson ratio νmin 0.28 - - [17, 221, 222]

Collagen Poisson ratio νcol 0.3 - - [17]

Mineral Young’s modulus εmin 114 GPa 15% - [20, 218, 221, 222]

Collagen Young’s modulus εcol 1.42 GPa 15% - [20, 221]

Ecp shear modulus µecp 0.003 GPa 15% -
using shear lag model
(Section 2.2.4)

Fibril Young’s modulus ε f ibril 20.14 GPa 15% -
using shear lag model
(Section 2.2.4)

Fibre Young’s modulus ε f ibre 15.82 GPa 15% 15.82-35.87
using shear lag model
(Section 2.2.4) and
Section 3.1.1

Fibril hardening modulus χmc 0.033 GPa 15% 0.033-36.72 using ε f ibril (see text)

Efm hardening modulus χe f 0.49·10-4 GPa 15%
0.49·10-4

-0.005
using µecp (see text)

Fibril yield strain εy,mc 0.028 15% - [92, 142]

Efm yield strain εy,e f 0.012 15% -
using εp,mc, Section
3.1.1 and series
model arrangement

Fibril ultimate strain εp,mc,ult εp,mc·102 15% - Efm failure assumed

Efm ultimate strain εp,e f ,ult 0.09 15% 0.04-0.15
using Section 3.1.1
and εp,mc,ult (see
text)

Mean value of logistic fit µ 0.0215 - - Sections 2.3.1, 3.3.1

Shape parameter of logistic fit β 0.00635 - - Sections 2.3.1, 3.3.1

Surface roughness ξ 100% - - Sections 2.3.1, 3.3.1

Std: standard deviation (range: 1%, 8%, 15% (base value), 30%); Ecp: extra-collageneous proteins;
Efm: extrafibrillar matrix; mc: mineral collagen composite (= mineralised collagen fibril)
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2.3 Assessment of ultrastructural features and

physio-chemical properties

2.3.1 Synchrotron radiation phase-contrast nanometre computed

tomography (SRnCT)

Mineralised collagen fibril diameter, fibril volume fraction, surface roughness, mineralised

collagen fibre tissue density (mineralisation) and local fibril orientation were determined

from SRnCT measurements [102, 103, 105, 120] obtained at the ID16A beamline of

the ESRF. In the following, some information will be given on the methodology of

the SRnCT technique as well as the scanning and holotomographic reconstruction

procedure.

The interaction of the X-ray beam with the sample is modelled by the complex refractive

index n(x, y, z) = 1− δdec + iβ where β denotes the absorption index and δdec the

refractive index decrement. During the scan, the real part of the refractive index n

is integrated along the propagation direction z yielding a modulation of the beam

amplitude A(x, y):

A(x, y) =
2 π

λ

∫
β(x, y, z) dz (2.61)

and a shift of the phase ϕ(x, y):

ϕ(x, y) = −2 π

λ

∫
δdec(x, y, z) dz (2.62)

The phase contribution is encoded in the recorded intensity (phase contrast projections)

[102]. While β is proportional to the linear attenuation coefficient µ via µ = 4π β
λ ,

δdec = rc λ
2π V ∑j (Zj + f j) contains the information that enables a high sensitivity for

light organic elements by summing over all atoms contained in the representative

volume V (Zi: atomic number, f j: real part of the dispersion correction for the specific

X-ray wavelength; rc = 2.8 fm: classical radius of the electron) [102, 120]. This high

sensitivity allows to detect structural differences at the nanoscale which was necessary

for quantifying our micro- and nanomechanical model. If we use an X-ray energy that

lies above the absorption edges of the sample’s constitutive elements, we can neglect any

dispersion correction and δdec is directly proportional to the sample’s electron density

ρ [102, 120]. By using hard X-rays, we can, thus, neglect propagation and dynamical

effects inside the sample. In the case of mostly light elements, such as in bone, a ratio
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of the atomic number over the atomic mass Z/M is observed of being very close to 1/2

with Z as the number of electrons in the atomic group of atomic mass M. With the

Guinier approximation [224], we get δdec = 2.72 · 10-6 Z
M ρ λ2 and in turn the degree

of mineralisation ρ:

ρ = − 1
2π

ω

1.3 λ
· 10−2 (2.63)

Six of the micropillars previously compressed during the micropillar and SAXS/XRD

experiments (Section 2.1) were imaged with an isotropic voxel size of 20 nm. In order

to obtain each 3D image, four tomographic scans were acquired with the sample po-

sitioned at different distances with respect to the X-ray focus and the detector. For

each tomographic scan, 1600 angular projections were recorded with an exposure time

of 0.2 s. The energy of the X-ray beam was set to 17.05 keV (λ ' 0.73 Å), with a

monochromaticity of 1%. The projections were recorded on a 2Kx2K lens coupled

FreLoN CCD detector and the field of view corresponding to a pixel size of 20 nm

was around 40 µm (Figure 2.10). The samples were mounted on Huber pins (HUBER

Diffraktionstechnik, Rimsting, Germany) and placed on a closed-loop nanopositioning

stage inside a vacuum chamber for imaging. For image reconstruction, the four pro-

jections recorded at different focus-to-sample-to-detector distances corresponding to

a given rotation angle were combined together in a phase retrieval algorithm based

on regularised contrast transfer function (CTF) [225], to obtain phase maps. The

resulting phase maps were then used for tomographic reconstruction based on filtered

back-projection [103, 105] using the Python based PyHST software developed at the

ESRF. The obtained 3D images give the distribution of the refractive index decrement

δdec inside the sample, which allows it to determine the mass density distribution (see

section 2.3.1). These reconstructed images were used for different structural analyses

for which we have selected VOIs with a width and length of around 8.5 µm x 8.5 µm

(ROI 1 in Figure 2.10) and a variable depth (Sections 2.3.1 to 2.3.1).

In detail, during the reconstruction process, the phase contrast images were first aligned

for each angle, using a mutual information based code [226]. Second, the phase retrieval

process was applied to all four images per projection angle followed by an iterative

nonlinear minimisation step. We used the multi Paganin approach [227] which is ba-

sically a linear filtering algorithm followed by an iterative nonlinear refinement step.

The parameters for the phase retrieval are optimised interactively while working on one

rotation angle. Succeeding angles can be batch processed in Python [120]. These phase
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maps are further processed with a tomographic reconstruction algorithm by means of

a filtered backprojection [103, 105] using the PyHST software. One sample showed

extremely large misalignments (>800 pixels), either due to motor drift of unknown

origin or an incorrectly inserted Huber pin sample holder into the rotation stage, with

a large part of the sample but not the actual micropillar exiting the field of view, thus,

requiring manual registration. For this sample, phase retrieval for pure phase objects

(CTF without the attenuation term) without iterative refinement was used. This was

motivated by the low attenuation in the thin micropillars. Iterative refinement led to

slightly higher resolution at the cost of increased noise and artefacts due to the low

signal to noise (SNR) in the recorded images. A δ/β ratio of 203, corresponding to

cortical bone was used to correct the DC component following standard procedures

[103] and database values for the used X-ray beam energy [228].

Mineralised collagen fibril diameter and volume fraction

The number of mineralised collagen fibrils within a fibre was determined by analysing

line profiles from sagittal views of the reconstructed SRnCT images (Figure 2.10).

Within the whole field of view, a region of interest (ROI 1) of 10 µm x 10 µm was chosen

around the micropillar area. Within ROI 1, a smaller region (ROI 2) of around 5.5 µm
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Figure 2.10: Extraction of the mineralised collagen fibril diameter based on reconstructed
SRnCT images. A ROI 1 around the micropillar from cross-sections of the SRnCT reconstruc-
tion was chosen for further image processing. Brighter regions in ROI 2 of the inverted image
are related to mineralised collagen fibrils, darker regions to extrafibrillar matrix. An adaptive
edge-sensitive speckle reducing anisotropic diffusion [229] was used for image enhancement.
The signal width d for 81 mineralised collagen fibrils and the periodicity for 23 line profiles
in ROI 2 related to the mineralised collagen fibrils were checked via local minima and Fast
Fourier Transform (FFT), respectively, both implemented in R [200].
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x 5.5 µm was selected from the undeformed area of the micropillar in the sagittal view.

The brighter regions of the inverted image are related to the mineralised collagen fibrils,

the darker regions to the extrafibrillar matrix. These structural features were verified

by means of scanning electron microscopy (SEM). To increase the signal-to-noise ratio

(SNR), an adaptive edge-sensitive speckle reducing anisotropic diffusion was used that

enhances images that show a signal-dependent, spatially correlated multiplicative noise

[229]. The following parameters were used for the diffusion filter implemented in Fiji

[230] and applied slice by slice: diffusion coefficient threshold 0.1, mean square error

limit 0.01, maximum of iterations 60, initial coefficient of variation 1.0, coefficient of

variation decay rate 0.1667, time step 0.05. The preservation of structural features in

the images after the anisotropic diffusion was checked via an overlay of the original

reconstruction and the diffusion filtered image. Within the filtered images, three to

five third regions of interest (ROI 3) of around 2 µm x 2 µm per sample were chosen

(Figure 2.10). Three to five neighbouring mineralised collagen fibrils were accessible for

the analysis within these regions and line profiles were extracted. The profiles provided

mean greyvalues for all pixels along each column of ROI 3. Signal width and periodicity

related to the mineralised collagen fibrils (including the extrafibrillar matrix) were

then extracted by analysing local minima and calculating the Fast Fourier Transform

(FFT), respectively. Both approaches were implemented in R [200]. 23 line profiles

were analysed with a total of 81 fibrils. Mean values and standard deviations for the

periodicity in the line profiles and the signal widths were calculated (Figure 2.10). The

average of both analyses were used as the final result. A closest packing of circles in a

circle was assumed and the packing density calculated based on a local optimisation

algorithm of solving circular packing problems [231–233]. The identified value d was

used to calculate the number of rheological elements present for the average diameter

of the tested mineralised collagen fibres. Since the mineralised collagen fibrils and the

extrafibrillar matrix is seen as one entity in the model, due to their series arrangement,

this approach is justified.

Mineralised collagen fibril recruitment and surface roughness

The toe regions in the experimental stress-strain curves of individual mineralised

collagen fibres (Section 3.1) suggested an influence of the surface roughness of the

samples on the compressive behaviour. The small strains of the mineralised collagen

fibrils and mineral particles compared to the mineralised collagen fibre were asumed to

be connected to this experimental error. As a result, we needed to consider a gradual
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Figure 2.11: Quantification of the surface roughness of the micropillars and mineralised
collagen fibril recruitment. (a) Reconstructed SRnCT image of a compressed micropillar.
The analysis focussed on the top part of the sample (red). Axial slicing and loading had
the same direction denoted by z. (b) A diamond flat punch compresses a micropillar with N
fibrils. The total strain εn that is experienced by an element depends on its relative position
to the flat punch. The corresponding element specific strain offset value ε0n is then used in
the εn calculation. (c) The greyvalue areas (A1, A2 ... Afull) related to the micropillars in
the cross-sectional SRnCT slices were used to calculate area fractions with respect to the
point when full contact has been established between the flat punch and the micropillar. (d)
Based on the mineralised collagen fibril diameter and assuming densest packing, a normalised
number of fibrils along the loading direction was calculated and a nonlinear function was
fitted to the data.

recruitment of mineralised collagen fibrils upon compressive loading. To quantify this

fibril recruitment, we determined a nonlinear function based on the analysis of SRnCT

images that corresponded to the first steps in the experimental loading protocol (Section

2.1) (Figures 2.11a-c). During the experiment, the flat diamond punch compresses the

micropillar (Figure 2.11b). Based on the location of the flat punch and the height

of the micropillar, we can calculate the apparent strain ε at the fibre level. Due to

the surface roughness, however, mineralised collagen fibrils were gradually recruited as

the flat punch moves downwards. The total strain experienced by each element then

depends on its relative position to the flat punch. We included the fibril recruitment in

the numerical algorithm (Section 2.2.6) by offset correcting the total strain values with

element specific ε0n values. For this, we assessed the surface roughness of the tested

micropillars by SRnCT images from the point of first contact to full contact between

the flat punch and the micropillar’s top surface. By analysing areas of mineralised

tissue in the cross-sectional SRnCT slices (Figure 2.11c), we quantified the mineralised

collagen fibril recruitment and identified a recruitment function. Areas were extracted

by image thresholding [234] and by detecting the edges with an active contour model
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[235], implemented in Python [236] and Fiji [230]. Areas in pixels were then converted

to nm2 (A1, A2 ... Afull) using the voxel size and normalised with respect to the full

contact area Afull. Based on the mineralised collagen fibril diameter, we determined the

corresponding normalised number of fibrils and elements, respectively (Figure 2.11d).

This information allowed us to identify an analytic function for the surface roughness

which, in turn, allows it to introduce nonlinear gradual fibril recruitment in the model.

Mineralisation within a mineralised collagen fibre

The local mass density value ρ in g/cm3 of each voxel was determined from the

reconstructed refractive index decrement δdec of the SRnCT images. Details on the theory

of the high sensitivity of the SRnCT can be found in Section 2.3.1. δdec can be written

based on the Guinier approximation [224]: δdec = 2.72 · 10−6 Z
M ρ λ2. By assuming the

factor of M/Z ≈ 2, the refractive index is thus given by δdec
∼= 1.3 · 10−6 ρ λ2 where

[λ] = Å. The SRnCT reconstruction provides values for ω = −2π
λ δdec with [ω] = cm-1.

Using the Guinier approximation, we get ρ = − 1
2π

ω
1.3 λ · 10−2 following established

procedures [103]. Thus, the refractive index value of each voxel in the reconstructed

SRnCT images can be converted to a mass density ρ, providing real values of the

local 3D mass density distribution. Grey values related to mineralised tissue and the

background signal were analysed via probability density distributions (Figure 2.12).

Corresponding mean values of both regions were identified by Gaussian fits and the full

width at half maximum (FWHM). Initial fitting values for peak position and variance for

the Gaussian distributions were identified via a peak finding algorithm. The standard

deviation ς of the degree of mineralisation was estimated by the FWHM of the Gaussian

fit via ς = FWHM

2
√

2 ln(2)
. Data analysis was done with custom written codes in R [200] and

Python [236] with pre-processing steps done in Fiji [230]. The raw ω values related to

mineralised tissue needed to be corrected since the micropillars could be larger than

the X-ray beam, introducing local tomography artefacts. As first approximation, the

correction may be achieved by shifting the grey levels by an offset [103, 105, 106]. These

previous studies used pores or lacunae in the individual volumes of interests to estimate

this offset. In our study, the background signal next to the base of the micropillar was

used for the global offset calculation (asterisks in Figure 2.12 and C in Figure 2.13) since

it showed the best comparability with the approaches of those studies. A selection was

necessary since three different areas related to the background were identified where the

X-ray beam did not directly interact with the sample. These regions showed different

gray value distributions (Figure 2.13). VOIs with a depth of 100-150 slices, depending
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on the space next to the micropillar, were selected to determine the mean gray value as

the peak of the probability density distribution (Figure 2.12). This served as the global

offset value for the calculation of the tissue density (Figure 2.13).
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Figure 2.12: Left: Sagittal view of a reconstructed SRnCT of a compressed micropillar.
Regions of interest (ROIs) were used to determine the micropillars tissue density. Asterisks
denote the background signal (compare to region C in Figure 2.13). Right: Overlay of
both histograms, left for the mineralised tissue within the micropillar area and right for the
background signal. Peaks were identified by a Gaussian fit and initial peak position values via
a custom written code in R [200]. ς denotes the standard deviation of the Gaussian fit, ωmt
the mean value for the mineralised tissue, ωbg the mean value for the background. ωbg was
used as a global offset for the reconstructed values. The FWHM of the Gaussian fit were used
to calculate the standard deviation of the ω - values.

Local mineralised collagen fibril orientation

Average orientation values for the mineralised collagen fibrils and mineral particles

within uncompressed micropillars were determined based on the azimuthal intensity

distribution in the SAXS and XRD patterns (X-ray beam window, vertical and hor-

izontal: 5.5 µm x 7.0 µm) (Sections 2.1.3). These, however, did not include out of

plane orientations. To verify the uniaxial arrangement locally, we determined three-

dimensional orientations of the mineralised collagen fibrils of two exemplary samples

by means of an autocorrelation-based measure [104]. The local fibril orientation of

these previously compressed micropillars was verified in two regions, the micropillar

itself and the substrate area below the micropillar within cubic sub-volumes. Mean

and standard deviation values of the off-axis angles for the vector orientations were
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Figure 2.13: The ω - values in different non-mineralised regions showed a decreasing gradient
towards the base of the micropillar (regions A, B, C). The yellow region (left) indicates the
volume of interest (VOI) (region C) with a depth of 150 z-slices. This depth can be seen in
the bottom right image. The VOI was used to calculate the probability density function of
the background signal and the offset value ωbg. The yellow crosses (right images) denote the
same location in different views.

calculated to quantify the fibril orientation in the undeformed part of the micropillars

and the substrate. Pre-processing included a slice-wise scaling of the greyscale values in

order to match the mean intensities of each xy slice. This was necessary due to the large

deviation of intensities within the reconstructed images along the z-axis. The sample

domain excluding larger failure areas was identified by thresholding and morphological

operations by which the corresponding mask was generated. The local orientation was

analysed in small cubic sub-regions whose size (60 voxels = 1.2 µm) was identified in a

convergence study to be small enough to avoid excessive averaging and large enough

to achieve sufficient input signal quality to the autocorrelation function. The isotropic

analysis grid had a spacing of 0.6 µm and the adjacent analysis sub-regions were over-

lapping with half of their volumes. In a given sub-region, the mineralised collagen fibril

orientation was then evaluated as the major semi-axis direction of the ellipsoidal fit of

the thresholded autocorrelation function. In order to avoid the confounding effect of

the interfibrillar failure zones of the compressed micropillars, only sub-volumes located

completely within the sample domain were analysed. The degree of anisotropy (DA) of



CHAPTER 2. MATERIALS AND METHODS 50

the autocorrelation function was used as the fidelity measure of the evaluated orientation

and results with DA < 1.5 were excluded. Visualisations were done in Paraview [237].

The reader is referred to the Results Section 3.3.1 and Figure 3.18 for a streamline and

vectorial representation of the off-axis angles of the mineralised collagen fibrils.

2.3.2 Raman microscopy

A confocal Raman microscope (inVia Renishaw, UK) was used to assess the physio-

chemical properties of the samples [26, 107, 130, 238] and to determine sample prepara-

tion effects on the material. Raman spectroscopy is a vibrational spectroscopy technique

to gather information from scattered light particles when interacting with molecules

and ions. Molecules within a specimen are illuminated by laser light and the resulting

vibrational motions within the molecule results in a loss of energy of a small fraction

of light. The energy and wavelength difference of the incident and scattered light

represents molecular vibrations and give rise to frequency bands that are characteristic

for the interaction for a specific type of molecule within the sample and therefore

allows the relation between the compositional and ultrastructural features of the tissue

and the observed Raman spectrum [238–242]. The energy shifts are normally given

in wavenumber units cm-1 that corresponds to the vibrational energy. Band ranges of

these wavenumber shifts indicate a region that can be related to a specific molecule.

For the actual Raman spectroscopic measurement, monochromatic laser light irradiates

the probed material and the radiation scattered from the molecule is detected as one

vibrational unit of energy different to the incident beam [107, 238].

Samples were mounted on a device for optical fibres (Figure 2.14, ThorLabs) which

allowed a precise and stable positioning under the microscope. Translations in two

planes were possible (Figure 2.14) through the sample stage movement. The following

parameters were identified to show the best outcome with respect to the signal to

noise ratio during the measurements: laser wavelength of λ = 785 nm (fixed by the

set-up), Plaser = 1.163 ± 0.321 mW, four accumulations, extended wavenumber range

of 200-2000 cm-1, exposure times of 120 s. Microscopic images were taken to ensure

that no beam damage was present with the used measurement parameters. The laser

power was checked every day before measurements were started. An optical power

meter (Figure 2.14, ThorLabs) was used and power values were measured from 0.1% to

100% to ensure similar measurement parameters on different days. All band ranges of

the wavenumber shifts in this study were individually identified based on the analysis

of the measured samples (Figures 2.15, 3.3.2 and 3.19) and in comparison to those
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reported in the literature (see e.g [107, 238]). The mineral-to-matrix ratio represents

the amount of mineralisation and can be estimated via the ratio of peaks for the mineral

and organic components, i.e. the ratio of the maximum peak intensity of the main

phosphate peak v1PO3−
4 (band 910-1000 cm-1) and the amide I peak (band 1595-1720

cm-1). Some authors [126, 132, 243] reported an orientation dependency of this widely

used mineral-to-matrix measure stating its sensitivity to the orientation and the polari-

sation direction of the incident light. Therefore, the less orientationally susceptible ratio

between the smaller phosphate peak v1PO3−
4 (band 355-490 cm-1) and the amide III

peak (band 1190-1295 cm-1) was calculated as well. The carbonate-to-phosphate ratio

(carbonation) gives information about the substitution of carbonate ions in phosphate

positions and can be evaluated by the ratio of the maximum peak intensities of the

v1PO3−
4 peak and the carbonate peak CO2−

3 (band 1050-1110 cm-1) as well as its

inverse. The relative amount of carbonate in hydroxyapatite informs about the mineral

maturity where a lower carbonation points towards a higher mineral maturity [244].

The strength of bone is not only dependent on the amount of mineralisation, but also on

the degree of mineral crystallinity and the optimal distribution of different crystal sizes

are discriminating factors for the strength of bone [123, 245]. The width of the primary

phosphate peak v1PO3−
4 can be used to assess this quantity experimentally based on the

Raman spectrum. It allows the estimation of mineral crystallinity and the orderliness

of the crystal lattice. The calculation was based on the full width at half maximum

(FWHM) of the v1PO3−
4 peak [26, 125] and its inverse [107, 126, 130, 239, 243]. In

addition to these values, it is reported that mechanical deformation leads to the change

of specific features of the Raman signal [239, 246]. The shifts in Raman bands indicate

optical power 
meter

mounted MTLT 
piece with 

micropillars

y

x

z
50x 

objective 
lens with 
NA = 0.75 

Figure 2.14: The left image sows the set-up used for the power measurements before acquiring
Raman spectra. The Renishaw InView Raman microscope was equipped with a maximum
objective of 50x and a numerical aperture (NA) of 0.75. The right image shows the sample
mounting of the mineralised turkey leg tendon (MTLT) piece with micropillars located on its
top surface.
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Figure 2.15: Raman spectrum of a measured ultramilled sample of mineralised turkey leg
tendon and the identified peaks based on reported peaks in the literature [107]. The spectrum
shows the same characteristics as reported for cortical bone [107] confirming the comparability
between the bone tissue and mineralised turkey leg tendon (MTLT).

ultrastructural changes in the tissue at the micro- and nanoscale and allows to establish

a relationship between structure and deformation processes [239, 246–248]. A shift

of the amide I peak from originally 1665 cm-1 to 1678 cm-1 was found to indicate a

rupture of collagen cross-links [239]. Combined with shifts of the amide III band, these

can attributed to the protein conformation since amide is involved in the formation of

cross-linking and bonding [249–251].

Data analysis was done with a custom written software in Python called PySXIm

(courtesy of Aurélien Gourrier, Université Grenoble Alpes). All peaks of undeformed

and deformed Raman spectra for the fibres were fitted with a Lorentzian function L(x)

(Figure 2.16):

L(x) =
I ·W2

[(x− P)2 + W2]
(2.64)

where I denotes the Raman scattering intensity, W the full width at half maximum

intensity and P the band’s peak position. In addition, a first order polynomial was

used to account for the characteristic baseline of each peak. The following parameters
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were determined: mineral-to-matrix ratios v1PO3−
4 / amide I and v2PO3−

4 / amide III,

crystallinity v1PO3−
4 , carbonation CO2−

3 and peak positions for v1PO3−
4 , v2PO3−

4 .
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Figure 2.16: Analysis of a Raman spectrum from an ultramilled sample. Peak fitting results
are shown for three of the used peaks. A Lorentzian/Cauchy distribution was fitted to every
peak and individual initial values for the fitting procedure were set. A first order polynomial
was used to account for the characteristic baseline of each peak. Cosmic outliers were removed.
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2.3.3 Energy Dispersive X-ray Microanalysis (EDX/EDS)

Energy dispersive X-ray microanalysis [252, 253] was performed on unprepared and

prepared samples (ultramilled, laser ablated, FIB-milled) to assess possible effects of the

sample preparation techniques on the material. We analysed the chemical composition

most relevant to bone tissue including the calcium (Ca) and phosphorus (P) peak,

magnesium (Mg), sodium (Na), carbon (C) and oxygen (O) with the Ca/P ratio

providing the most important information about the quality of the mineral matrix. The

surface roughness of the different samples, corresponding to the subsequent preparation

steps, was checked via 3D surface profiles by using focus variation microscopy (Alicona

Infinite Focus, Austria).

EDX/EDS allows a localised chemical analysis by measuring the X-ray spectrum

when a focused beam of electrons interacts with a sample. The spectrum consists

of characteristic X-ray spectral lines which arise from the interaction of the incident

electrons with orbital electrons within the sample. This is accompanied by a continuous

background X-ray spectrum, the Bremsstrahlung, which has its origin in the interaction

of the incident electrons with the atomic nucleus of the sample. Energy-dispersive

spectrometres are used to technically detect the X-ray lines based on a pulse height

analysis extracting the X-ray photon energy. Liquid nitrogen is usually used for cooling

the detector and the amplifier to reduce electronic noise.

A Quanta FEG 650 SEM (FEI, Thermo Fisher Scientific, US) equipped with an Oxford

Instruments X-maxN 150 EDX detector was used for the EDX/EDS measurements. The

XL30 Lab6 software was used for the spectral analysis. An energy of E = 10 keV was

used to ensure to be above the mentioned limit of twice the energy of any signal coming

from relevant atomic elements in the sample. A scan window of 4.0 µm in horizontal

direction and 3.5 µm in vertical direction was used to acquire the spectra over a lifetime

of 10 ms for each measurement. Energy and lifetime was chosen to be small, also to

avoid any beam damage during the acquisitions of the spectra [112, 254]. EDX scans

for thirteen micropillar samples, four laser ablated and two ultramilled samples were

acquired (Figure 2.17). Three spectra per sample were measured and atomic elements

were identified via spectral analysis.
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Figure 2.17: The overview SEM images show top views of the samples including those with
FIB-milled micropillars, laser ablated pre-pillars and an ultramilled surface.

2.4 The quasi-physiologic compressive behaviour of a

mineralised collagen fibre at the micro- and nanoscale

2.4.1 Micropillar compression and SAXS/XRD under rehydrated

conditions

The compression tests presented in section 2.1 were done on dry tissue only in order to

reduce the complexity of the combined mechanical-diffraction experiment.

Since the hydration state has a significant effect on the mechanical behaviour of miner-

alised tissue on different hierarchical levels (Section 1.5), we extended the dry testing

set-up to test rehydrated micropillars. They allow to assess the impact of hydration on

the micro- and nanoscale mechanical behaviour of individual mineralised collagen fibres.

We further use the developed statistical constitutive model (Section 2.2) to identify the

mineralised collagen fibre behaviour under rehydrated conditions.

A rehydration set-up was developed that was suitable to be used in an environment with

a custom-built micro-/nanoindenter and simultaneous SAXS and XRD measurements

(Figure 2.18) in accordance with the dry testing set-up (Section 2.1). The sample

preparation protocol outlined in Section 2.1.1 was used to fabricate 18 micropillars from

single mineralised collagen fibres on a sample geometry that allowed in-situ micropillar

compression and SAXS/XRD testing (Figure 2.3). Final FIB-milled micropillars were
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Experimental set-up for combined rehydrated micropillar compression testing and SAXS/XRD during alignment
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Figure 2.18: Experimental set-up for the simultaneous micropillar compression test and
SAXS/XRD measurements under rehydrated conditions. The micro-/nanoindenter was
implemented into the X-ray set-up of ID13 at the ESRF and placed on a rotation stage to
align the sample with the X-ray beam. A Parafilm encasing was used for the Hank’s balanced
salt solution (HBSS) reservoir which was refilled at distinct intervals before compressive testing.
The rehydrated micropillar was extracted from an individual mineralised collagen fibre and
kept rehydrated from the base during the compression test via diffusion.

6.4 ± 0.6 µm in diameter with an aspect ratio of 2.05 ± 0.09. 14 samples were tested

under rehydrated, 4 under dry conditions.

Before testing, samples were rehydrated for 2 hours in Hank’s balanced salt solution

(HBSS). During the rehydration process, the state was checked using an optical micro-

scope and if necessary, HBSS was added using a pipette. The sample was moved from

the laboratory to the experimental hutch when the previous sample testing was finished.

For the alignment between the micropillar, the flat punch and the X-ray beam inside

the experimental hutch, excessive HBSS was removed by using a pipette so that the

micropillar was visible through the microscope (Figure 2.18, top-mid and top-right).

During the alignment process, the sample was kept rehydrated via diffusion from the

base of the micropillar by filling the HBSS reservoir (Parafilm encasing) at regular

intervals. Right before the compression test, the rehydration state of the micropillar

was verified by an optical microscope (Figure 2.18, bottom-right). This further made

sure that the sample surface was directly accessible and the flat punch was free of HBSS

during the tip approach. During testing, diffusion kept the samples rehydrated from

the base.
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Figure 2.19: Apparent mechanical properties at the mineralised collagen fibre level were
determined from apparent stress-strain curves. An envelope was fitted via a cubic spline and
used to identify yield values based on the 0.2% offset criterion and ultimate values at the
envelope’s maximum. Unloading moduli represent the apparent fibre moduli with the last
before the yield defined as the apparent Young’s modulus. The steepest slope in the elastic
region denotes the substrate modulus. Details can be found in Section 2.1.3. Due to a drying
of the samples, data for the analysis needed to be restricted to region (1) that represented
the testing under rehydrated conditions. The decision was made based on an increase of
the unloading moduli and a linear increase (red solid line) in the stress-strain data. Further
examples are presented in Section 3.4.1 (Figure 3.21).

The experimental procedure for the mechanical testing and X-ray diffraction was the

same as the procedures developed for the dry testing (Section 2.1.2) including the

integrated mechanical and structural analysis (Section 2.1.3). Details can be found

in the corresponding sections. A difference in the analysis had to be made due to a

drying effect of the samples during testing (Figure 2.19). This sample drying led to

distinct regions in the stress-strain data where a linear increase of the envelope for the

stress-strain data was visible and a linear increase of unloading moduli was measurable

(Figures 2.19 and 3.21). Based on this, data were split into a region where the sample

was still considered to have been tested under rehydrated conditions (Region (1) in

Figure 2.19) and one where the drying effect led to an increase in stress and unloading

modulus (Region (2) in Figure 2.19). The analysis of the apparent mechanical fibre

properties was restricted to the rehydrated region.

X-ray data analysis for the mineralised collagen fibrils and mineral particles strain was

the same as for dry testing. Details can be found in Section 2.1.3.
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As for the dry testing, micropillar compression and SAXS/XRD data were synchronised

based on the time stamp in the data log files of both measurement techniques and

subsets were identified for the apparent stress-strain data. These then corresponded

to the points where the sample was exposed to X-rays (Figures 2.20 and 3.24). The

identified data pairs were used for the strain ratio calculations. The overall strain ratios

in the elastic region between the fibre components and the apparent fibre behaviour

were determined as the steepest slope of the cubic spline in the elastic region of the

mineral-fibre-strain plots (Section 3.4.2, Figure 3.23) and fibril-fibre-strain plots (Section

3.4.2, Figure 3.23). The elastic regions were identified based on the apparent yield

points from the previous analysis of the apparent mechanical properties.

2.4.2 SEM based post-test and failure mode analysis

Failure modes of all 18 tested micropillars (14 rehydrated and 4 dry) were analysed

based on SEM images (E = 2 keV, tilt angle = 45◦, back-scattered electrons, Quanta

650 FEG SEM, FEI, USA). To avoid that features in the fractured micropillars are being

disguised by gold sputtering, samples were not re-sputtered for the post test failure

analysis. The micropillars are considered as fibril-matrix reinforced composites and the

failure mechanisms were identified based on the classification scheme developed for the

dry testing (Section 2.1.4) where more than one failure mechanism could be present in a

single specimen. Failure modes that occurred under rehydrated conditions were directly

compared to the compressive failure modes found in dry micropillar compression tests

as outlined in Section 2.1.4.

2.4.3 Using the statistical constitutive model for the quasi-physiologic

mineralised collagen fibre behaviour

The statistical constitutive model developed for the dry testing (Section 2.2) was

used to identify changes in the micro- and nanomechanical properties influenced by

the hydration. Model input parameters were based on our experiments as well as

literature values with respect to wet tissue properties (Table 2.2). Natural fluctuations

in the mechanical behaviour of biological tissues was accounted for by using statistical

distributions for the model input parameters. It is reported that hydration leads to a

decrease in the stiffness of collagen molecules [96, 255, 256]. Thus, a reduced value for

the Young’s modulus of the collagen molecules of 0.9 GPa was used in the model (Table

2.2), compared to the 1.42 GPa for the dry testing model. Further, the experimentally
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Synchronised fibre and mineral strain data for strain ratio analysis

XRD and 
micropillar compression

SAXS and 
micropillar compression

Synchronised fibre and fibril strain data for strain ratio analysis

Figure 2.20: For the calculation of the strain ratios between fibril and fibre as well as mineral
and fibre, strain data needed to be synchronised based on the time series of the micropillar
compression tests and SAXS/XRD measurements. The x-axis shows the synchronised time
series for both measurement techniques. The mineralised collagen fibre strain is displayed on
the left y-axis, the mineral particles strain (top image) and mineralised collagen fibril strain
(bottom image) on the right y-axes. It allows a direct comparison of the apparent strain at the
fibre level with the strain measured in the mineralised collagen fibrils and mineral particles at
discrete time points during compressive loading.

determined apparent yield strain ε
yield
33 and a 75% surface roughness compared to the dry

tested micropillars was implemented, the latter based on differences between the initial

regions in the apparent stress-strain data of the dry and rehydrated samples (Figures 3.1,

2.19 and 3.21). With these parameters, the quasi-physiologic micro- and nanomechanical

behaviour of a mineralised collagen fibre was simulated. For the formulation of our

model, it was further assumed that fibril volume fraction was kept constant.
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2.5 General statistical analysis

The statistical analysis for all three studies (Sections 2.1, 2.2 and 2.4) was done in R [200]

and Python with a statistical significance level of p=0.05. To test statistical differences,

a two-tailed t-test was used. Quantile-quantile plots and Shapiro-Wilk tests [257] were

performed to verify that data were normally distributed and the mean ± standard

deviation were calculated. In addition, raw data of the samples by means of distribution

independent median as well as minimum and maximum values are presented.
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Table 2.2: Model identification for the mineralised collagen fibre behaviour under quasi-
physiologic conditions. Own experimental values were used where possible and referenced
to the corresponding sections. Other values were taken from the literature. Values from
statistical distributions showed a natural fluctuation when running the simulation several
times. The reported values via shear lag, thus, correspond to the mean of 30 simulations done
with the same non-statistical model input parameters.

Model input parameter Variable Value Std Source

Number of rheological elements nele 618 - Sections 2.3.1, 3.3.1

Mineral volume fraction φmin 0.40 - [17, 49, 156]

Collagen volume fraction φcol 0.47 -
using φ f ibril and φecp
(see text)

Ecp volume fraction φecp 0.13 - using φ f ibril (see text)

Fibril volume fraction in fibre φ f ibril 0.86 - Sections 2.3.1, 3.3.1

Mineral particles aspect ratio γmin 25 - [20, 218–220]

Fibril aspect ratio γ f ibril 200 - [20]

Mineral Poisson ratio νmin 0.28 - [17, 221, 222]

Collagen Poisson ratio νcol 0.3 - [17]

Mineral Young’s modulus εmin 114 GPa 15% [20, 218, 221, 222]

Collagen Young’s modulus εcol 0.9 GPa 15% [20, 221, 255]

Ecp shear modulus µecp 0.0002 GPa 15%
using shear lag model
(Section 2.2.4)

Fibril Young’s modulus ε f ibril 15.91 GPa 15%
using shear lag model
(Section 2.2.4)

Fibre Young’s modulus ε f ibre 7.29 GPa 15%
using shear lag model
(Section 2.2.4) and
Section 3.1.1

Fibril hardening modulus χmc 0.012 GPa 15% using ε f ibril (see text)

Efm hardening modulus χe f 0.02·10-5 GPa 15% using µecp (see text)

Fibril yield strain εy,mc 0.024 15% [92, 142]

Efm yield strain εy,e f 0.006 15%
using εp,mc and series
model arrangement

Fibril ultimate strain εp,mc,ult εp,mc·102 15% Efm failure assumed

Efm ultimate strain εp,e f ,ult 0.09 15% using εp,mc,ult (see text)

Mean value of logistic fit µ 0.0215 - Sections 2.3.1, 3.3.1

Shape parameter of logistic fit β 0.00635 - Sections 2.3.1, 3.3.1

Surface roughness ξ 75% -
Sections 2.3.1, 3.3.1,
σ(ε)-curves

Std: standard deviation; Ecp: extra-collageneous proteins; Efm: extrafibrillar matrix; mc: mineral
collagen composite (= mineralised collagen fibril)



3 Results

In the following, the results will be presented for (i) the combined micropillar com-

pression and SAXS/XRD of individual mineralised collagen fibres tested under dry

conditions including the SEM based failure mode analysis, (ii) the statistical constitutive

model for the compressive behaviour of a mineralised collagen fibre and the comparison

to experiments at the fibre level, (iii) the SRnCT, Raman microscopy and EDX/EDS

microanalysis and (iv) the combined micropillar compression and SAXS/XRD of indi-

vidual mineralised collagen fibres tested under rehydrated conditions. (iv) includes the

SEM based failure mode analysis for rehydrated micropillars, the use of the statistical

constitutive model for wet testing conditions as well as the suitability of the rehydration

set-up for the in-situ testing.

3.1 The micro- and nanomechanical compressive behaviour of

mineralised collagen fibres

3.1.1 Apparent mechanical mineralised collagen fibre behaviour

A total of 17 micropillars were fabricated from which two samples were used for pre-tests

and alignment, two samples were lost due to operator error and one sample each was

used for separate irradiation tests in the SAXS and the XRD group. The remaining

micropillars (N=11) were used for the actual testing and the analysis. Results for

the influence of irradiation at the mineralised collagen fibre level are presented in

Section 3.1.5. No significant difference in σ
yield
33 , ε

yield
33 , σstr

33 , εult
33 , ε f ibre and εsub between

the SAXS group (N=6) and XRD group (N=5) were found (Table 3.1) and samples

from both groups were pooled for the overall mechanical analysis at fibre level with

median values shown in Figure 3.1. In addition, mean values and standard deviation

are presented in Table 3.1 for the SAXS and the XRD regime as well as the pooled

SAXS/XRD samples. The Shapiro-Wilk tests showed that the data were normally

distributed. No significant increase in damage, i.e. reduction in stiffness, was detectable

for an accumulating plastic strain of up to 9.0% (Figure 3.2).

62
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Table 3.1: Apparent compressive properties of a mineralised collagen fibre tested under dry
conditions.

σ
yield
33 /GPa ε

yield
33 σstr

33 /GPa εult
33 ε f ibre/GPa εsub/GPa

All 0.154 ± 0.051 0.040 ± 0.011 0.180 ± 0.042 0.060 ± 0.016 16.472 ± 3.402 5.764 ± 2.266

SAXS 0.157 ± 0.057 0.042 ± 0.008 0.181 ± 0.046 0.063 ± 0.014 16.824 ± 3.847 5.865 ± 2.784

XRD 0.151 ± 0.049 0.038 ± 0.014 0.179 ± 0.043 0.057 ± 0.010 16.389 ± 1.775 5.642 ± 1.654

p 0.792 0.685 0.739 0.500 0.634 0.524

N=11, SAXS (N=6), XRD (N=5); statistical significance level p=0.05; All: no significant difference
was found between SAXS and XRD regime, and samples were pooled for further analyses

3.1.2 Mechanical behaviour of mineralised collagen fibrils and mineral

particles and comparison with apparent fibre behaviour

The analysis of the maximum azimuthal intensity over an integration range of 0 to 2π

revealed the preferential in-plane orientation of both the the mineralised collagen fibrils

and the mineral nanocrystals to be around the azimuthal angles η = 90◦ and η = 270◦

which represent the longitudinal direction of the mineralised collagen fibre during the

experiment. The initial difference to the longitudinal arrangement was calculated to be

5.76 ± 4.99◦ for the SAXS patterns and 4.78 ± 3.81◦ for the XRD patterns (Figure

2.5). The analysis of the initial D-period spacing showed a mean value and standard

deviation of 66.10 ± 0.33 nm which corresponds to a very small distribution of the

initial configuration of the intrafibrillar axial stagger of the collagen molecules.

Mean apparent pseudo-stiffness values were 12.99 ± 7.66 GPa (R2
adjusted = 0.71) for the

mineralised collagen fibrils and 44.46 ± 10.16 GPa (R2
adjusted = 0.92) for the mineral

particles resulting in ratios between fibre-fibril-mineral of approximately 5:4:12. The

analysis showed higher strain values at the fibre level compared to the fibril and mineral

levels. We found ratios of strain at the apparent yield point at fibre, fibril and mineral

levels of approximately 22:5:2 based on the linear regression of true fibril strain versus

true fibre strain (R2
adjusted = 0.71) and true mineral strain versus true fibre strain

(R2
adjusted = 0.95) in the elastic region. The mean strain ratios at the yield point based

on the cubic spline fit were 0.20 ± 0.17 for fibril-to-fibre levels and 0.09 ± 0.02 for

mineral-to-fibre levels. Based on the cubic spline fit, the mean strain ratio of the

fibril-to-fibre level at the point of compressive strength was calculated to be 0.23 ±
0.11 and the corresponding ratio for the mineral-to-fibre level 0.07 ± 0.01. In addition,

multilevel strain ratios were calculated along the entire loading cycle. The results show
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Figure 3.1: Overview of the mechanical properties at the fibre level. (a,b) Stress-strain
curves after sink-in and frame compliance correction for all samples of both the SAXS group
(left, N=6) and XRD group (right, N=5) at the fibre level with respect to the calculated
logarithmic strain in axial direction of the fibre. (c,d) Median values and range for the yield
stress, strength, yield strain and ultimate strain at the fibre level (Section 2.1.3) for both the
samples measured in the SAXS group (N=6) and the XRD group (N=5). Since no significant
difference between both experimental groups were found (statistical significance threshold
p=0.05) (Table 3.1), both groups were pooled (N=11) (Figure 3.2). Additional mean and
standard deviation values calculated for the fibre level are reported in the text.

a descending trend of the strain values from fibre to fibril to mineral level which is

represented by the strain ratios (Figure 3.3).

A comparison of the cubic spline fits for the strain ratio data with the fibre’s apparent

mechanical behaviour showed that the maximum for the calcified collagen phase occurs

towards the point of apparent compressive strength while the maximum of the mineral

phase towards the yield point. Ratios of the strain at yield point and compressive

strength for each sample resulted in 0.84 ± 0.37 for fibril-to-fibre level and 1.45 ± 0.61

for mineral-to-fibre level. The corresponding values for the ratio between the point of
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Figure 3.2: Combined apparent mechanical properties of a mineralised collagen fibre tested
under dry conditions. The top row shows an overlay of all stress-strain curves and damage and
plasticity estimated via the reduction of the unloading moduli. The stiffness was not reduced
after overloading up to a plastic strain of 9.0% indicating an absence of damage. The bottom
row shows the apparent mechanical properties at the yield point and compressive strength.
The bottom left image shows the elastic modulus as the last modulus before the yield point
and the substrate modulus identified as the steepest slope of the cubic spline envelope of the
stress-strain data (Figure 2.19).

compressive strength and yield point were 1.41 ± 0.63 and 0.77 ± 0.23, respectively.

Different initial strain responses to the onset of compression were observed for the

different length scales. The mineralised collagen fibril showed a toe region where the

first onset of strain was detected after an apparent strain of about 2% was reached. In

the mineral phase, this delayed strain response is not visible (Figure 3.4). Fibril strain

data also showed a higher dispersion towards the end of the loading cycle (Figure 3.3).

A significant difference was further found for the strain ratio between mineral particles

and mineralised collagen fibre in loading and unloading segments but not between the

mineralised collagen fibril and mineralised collagen fibre strains.
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Figure 3.3: Comparison of fibre level with fibril and mineral levels. Data were fitted with a
natural cubic spline with ten degrees of freedom (df). The top row shows overlays of fibre
and fibril strain (left) and fibre and mineral strain (right). The data illustrate the higher
strain values at fibre level compared to the fibril and mineral levels during compression. Time
series were synchronised. The bottom row shows strain ratios for the fibril and mineral levels
with respect to the apparent fibre strain. Based on the cubic spline fit, a connection to the
fibre’s apparent mechanical behaviour was drawn with the calcified collagen phase showing the
highest strain ratio (middle grey dashed line) after the yield point and towards the compressive
strength and the mineral phase before or around the yield point, respectively (compare with
Figure 3.1 for mechanical properties at fibre level).

3.1.3 Failure patterns and modes in mineralised collagen fibres

10 out of 11 tested micropillars were used to assess the occurring failure modes in the

compressed micropillars. One sample was not available for SEM imaging. Based on the

reviewed literature (Section 2.1.4) and identified features in the post-test SEM images,
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Figure 3.4: Mechanical response on different hierarchical levels for two exemplary samples.
Left side: Synchronised data of fibre and fibril levels. Right side: Synchronised data of fibre
and mineral levels. The shaded areas pinpoint to the strain onset at different hierarchical
levels illustrating that the linear increase of fibril strain starts at a fibre strain of roughly
2%. This delayed response is not visible in the mineral phase where the strain of the mineral
nanocrystals lacks a distinct toe region.

a classification scheme of failure patterns was developed which served as a basis for the

failure analysis (Figure 3.5) where a combination of failure mechanisms can lead to a

global loss of stability of the fibril reinforced composite. In addition, schematic drawings

for three of the failure patterns are presented. Identified failure modes are listed in Table

3.2 with descending order of frequency complemented by the corresponding apparent

mechanical properties yield stress σ
yield
33 , yield strain ε

yield
33 , strength σstr

33 , ultimate strain

εult
33 and apparent Young’s modulus ε f ibre.
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Figure 3.5: Failure modes and patterns of compressed micropillars based on the developed
classification scheme. Three failure modes are illustrated as schematic drawings on the right
with thick black lines representing fibrils, thin black lines filaments and darker areas failure
zones. The number of observed failure modes in the tested micropillars and corresponding
mechanical properties at fibre level are presented in Table 3.2.

3.1.4 FIB induced Gallium implantation

The Monte Carlo Simulations showed that the layer influenced by the gallium ions is

confined to a mean depth of 29.44 ± 0.03 nm in x-direction at an incident angle of θ =

0◦, 27.84 ± 0.03 nm in y-direction at an incident angle of θ = 70◦ and layers below

0.1 nm in remaining directions (Figure 3.6). A mean depth and standard error of 0.03 ±
0.02 nm in y-direction and -0.03 ± 0.02 nm in z-direction for θ = 0◦. For θ = 70◦, the

statistical analysis showed a mean depth and a standard error of 10.7 ± 0.02 nm in the
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Table 3.2: Failure patterns of uniaxially compressed micropillars with corresponding apparent
mechanical properties. The mineralised collagen fibre is considered as a unidirectional fibril-
reinforced composite. A total of 10 micropillars were included in the failure analysis where a
combination of failure mechanisms can be present in one specimen [184].

Failure mode N σ
yield
33 /GPa ε

yield
33 /% σstr

33 /GPa εult
33 /% ε f ibre/GPa

Interfibrillar
matrix
fracture

10 0.155± 0.053 3.996± 1.144 0.184± 0.042 6.191± 1.585 16.725± 3.476

Fibril-matrix
interface
failure
(debonding,
’Bulging’)
with fibril
microbuckling
(matrix
yielding)

9 0.155± 0.057 3.915± 1.183 0.186± 0.044 6.330± 1.614 17.200± 3.325

Kink band
formation
(localised
shear plane)

8 0.152± 0.060 4.035± 1.204 0.185± 0.047 6.377± 1.719 17.169± 3.553

Fibril
fracture
(with
buckling)

7 0.164± 0.058 4.129± 1.254 0.193± 0.047 6.371± 1.309 17.519± 3.767

Fibril
microbuckling
(matrix
elastic)

5 0.139± 0.044 4.150± 0.858 0.165± 0.027 6.874± 1.888 15.995± 2.093

Longitudinal
cracking

5 0.159± 0.049 4.031± 0.840 0.185± 0.041 5.779± 1.701 15.279± 2.021

Filament based
crack
bridging

2 0.122± 0.054 3.165± 0.294 0.161± 0.027 6.190± 0.137 16.086± 0.266

N = 10, several failure modes may combine in any one specimen

direction of the incoming ion beam (x-direction). The mean value on y-direction was

calculated to be 27.84 ± 0.03 nm and 0.05 ± 0.02 nm in z-direction. At this incident

angle, the main contribution can be seen in the y-direction compared to the x-direction

at θ = 0◦. The data analysis also showed that approximately 7% of the incoming ions

were backscattered compared to 0% at an incident angle of θ = 0◦ leading to a total

92755 ions for the corresponding plots. Based on the depth plots, density distributions

were calculated where a normal distribution was fitted to the simulation data (Figure
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3.6). The results show that the calculated layers can be considered thin compared to the

average diameter of 6.08 ± 0.83 µm and height of 12.44 ± 1.78 µm of the micropillars.

The maximum layer of Gallium ion implantation, thus, corresponds to 0.5% of the

diameter of the micropillar. A layer of this thickness was reported to have no significant

effect on the mechanical properties [258] and thus can be neglected in this study. These

assumptions comply with previous studies that reported no significant FIB damage for

mineralised tissue when using FIB milling during sample preparation [259].

3.1.5 Influence of irradiation

No impact of the X-ray beam was detectable based on the load and displacement

data as well as the stress-strain curves for the apparent mechanical behaviour of the

micropillars. No beam induced deterioration of the material was found based on the

stiffness evolution in the elastic and plastic regions (Section 3.1.1). The stress relaxation

tests in the SAXS regime did not show any change in the relaxation characteristic

between the irradiated and non-irradiated state of the micropillar. The tests in the

XRD regime showed a non-negligible change in the relaxation characteristic when all

120 sans were performed without time steps between X-ray acquisitions (unlike the

actual testing situation). The decrease in load of about 0.70 mN to 0.75 mN during the

relaxation test was found to be comparable in both the SAXS and the XRD regime.
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Figure 3.6: Depth of ions and ion trajectories from Monte Carlo simulations in x-direction
(direction of ion beam) and y-direction for two different incident angles θ. Top rows: Ion
number with respect to the x-direction corresponding to the initial direction of the ion beam.
Density distributions based on N=105 ions with respect to the x-direction illustrate that the
depth of the ions is confined to approximately 30 nm at θ = 0◦ and to 11 nm at θ = 70◦. The
grey line represents a normal distribution fitted to the simulation data. Bottom row: Depth
of ions in y-direction for both incident angles illustrating the difference in relation to θ.
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Figure 3.7: Time dependent load data during uniaxial relaxation tests for both SAXS and
XRD regimes. Red lines denotes an exponential fit based on a nonlinear regression model. For
the XRD regime, two exponential fits were done. Regions where the micropillar was exposed
to radiation are marked by blue dashed lines. For both the SAXS and XRD regime 120 X-ray
acquisitions were recorded, for the SAXS with an intermediate time in between measurements
of 5 s as in the actual compression tests, for the XRD regime without which was due to an
operator error.
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3.2 A statistical constitutive model for the compressive

behaviour of a mineralised collagen fibre

Apparent yield and ultimate strain values at the level of the mineralised collagen fibre

from experiments (Section 3.1.1) were used in quantifying the model next to literature

values (Section 2.2.5 and Table 2.1). The model response was compared to further

experimental values such as the Young’s modulus of 16.47 ± 3.40 GPa, a slope of the

initial region (substrate modulus) of 5.76 ± 2.27 GPa, a fibre yield stress of 0.154

± 0.051 GPa, a compressive strength of 0.180 ± 0.042 GPa and the plastic strain of

0.08 where damage occurred the first time (Section 3.1.1). The model response for the

interaction of the mineralised collagen fibrils and mineral particles at the nanoscale with

the mineralised collagen fibre at the microscale was compared to experimental strain

ratios at the apparent yield point of 0.04. In the elastic region, a fibril-to-fibre strain

ratio of 0.20 ± 0.17 was measured and a mineral-to-fibre strain ratio of 0.09 ± 0.02

(Section 3.1.2). The surface roughness measurements from the SRnCT reconstructions

were used to formulate a nonlinear function for the gradual recruitment of mineralised

collagen fibrils upon compression. Results are presented in Section 3.3.1. Thus, in

the following, results will be presented for the model version where we consider the

recruitment (recruitment model) and a version where we disregard the recruitment

(non-recruitment model).

3.2.1 Model response without mineralised collagen fibril recruitment

At the mineralised collagen fibre level, the model without fibril recruitment (Section

3.3.1) simulated a fibre yield stress of 0.185 GPa, a yield strain of 0.013 a compressive

strength of 0.189 GPa, a slope of the initial region (substrate modulus) of 15.85 GPa, an

unloading modulus of 15.85 GPa from the shear lag model and and failing mineralised

collagen fibrils from 0.06 accumulated plastic strain onwards. At the numerical yield

point, the fibril-to-fibre strain ratio was 0.72, the mineral-to-fibre strain ratio 0.31.

Results also showed an initial fibril-to-fibre strain ratio of 0.8 which tends towards 1.0

and which would be expected in a parallel arrangement of rheological elements. Apart

from the unloading modulus and compressive strength, the experimental yield values,

substrate modulus and strain ratios at the yield point can not be explained by the

non-recruitment model and fibre failure occurs earlier than in experiments (Figure 3.8).
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Figure 3.8: Model response without fibril recruitment. Orange lines denote experimental
values. (a) Experimental loading protocol used also for the simulations. (b) Overlay of
the simulated fibre level stress-strain curve (black) and the 11 experimental curves (grey)
from compression tests of micropillars extracted from individual mineralised collagen fibres.
Mineralised collagen fibril and mineral particles strains were recorded by means of SAXS and
XRD. (c,d) Statistical distribution for the ratios between the fibril strain and apparent fibre
strain (c) as well as mineral strain and apparent fibre strain (d) as seen at the simulated yield
strain of 1.3%.

3.2.2 Model response with mineralised collagen fibril recruitment

At the mineralised collagen fibre level, the model with fibril recruitment simulated

(3.3.1) a fibre yield stress of 0.163 GPa, a yield strain of 0.039, a compressive strength

of 0.189 GPa, a substrate modulus of 6.38 GPa, an unloading modulus of 15.85 GPa

and failing of mineralised collagen fibrils from 0.075 accumulated plastic strain onwards

(Figure 3.9). These values are based on an apparent Young’s modulus for the fibre

of 15.85 GPa from the shear lag model. At the yield point, the mean for the fibril-

to-fibre strain ratio was 0.20 and for the mineral-to-fibre strain ratio 0.08. A broad

distribution of the strain ratios were found already in the initial phase confirming a

very heterogeneous loading of the mineralised collagen fibrils within the mineralised

collagen fibre. The distribution narrows with an increase of the compressive loading and

an increased number of recruited mineralised collagen fibrils (Figures 3.13 and 3.16).

This corresponds to a more distinct maximum of the histogram, especially after all
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rheological elements have been recruited. The first elements begin to fail shortly after

full recruitment. The model can simulate the mineralised collagen fibre stress-strain

curve and results agree with the mean experimental values at the micro- and nanoscale

(Sections 3.1.1 and 3.1.2) with an average accuracy of 94.6 ± 3.0 % (Table 3.3).

(a) (b)

(c) (d)

non 
recruited 
fibrils

εmineral / εfibre ≃ 0.09

at fibre yield strain

εfibril / εfibre ≃ 0.20

at fibre yield strain

yieldεfibre

Figure 3.9: Model response with fibril recruitment. Orange lines denote experimental values.
(a) Experimental loading protocol. (b) Overlay of the simulated stress-strain curve (black)
and the 11 experimental curves (grey) from micropillar compression tests. (c,d) Statistical
distribution for the ratios between the fibril strain and apparent fibre strain (c) as well as as
the mineral particles strain and apparent fibre strain (d) as seen at the simulated yield strain
of 4% (orange line). There are still around 50 unrecruited mineralised collagen fibrils at the
yield point (c).

Table 3.3: Comparison of experimental values to simulated values from the statistical
constitutive model for micro- and nanomechanical fibre properties under dry conditions.

σ
yield
33 /GPa ε

yield
33 σstr

33 /GPa ε f ibre/GPa εsub/GPa ε
f ibril
33 /ε

f ibre
33 εmineral

33 /ε
f ibre
33

experiment 0.154 0.040 0.180 16.472 5.764 0.20 0.09

model 0.163 0.039 0.189 15.850 6.380 0.21 0.08

accuracy 94.2% 97.5% 95.0% 96.2% 89.3% 97.5% 92.2%
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3.2.3 Details on the mineralised collagen fibril recruitment and failure

To illustrate the nonlinear gradual recruitment of mineralised collagen fibrils upon

compression and to compare the non-recruitment and recruitment model, results at

different loading steps are presented (Figures 3.10 to 3.15 with an overview in Table 3.4).

They cover loading steps of the simulated mineralised collagen fibre behaviour and the

corresponding model outcome during gradual fibril recruitment, at the numerical yield

point and when fibrils fail. Orange lines denote experimental values which the model

was validated against. Images (a) to (d) always denote the following: (a) experimental

loading protocol used also for the simulations where the orange line represents the

experimentally determined mean yield strain of 0.04; (b) simulated stress-strain curve

for the mineralised collagen fibre up to a mean maximum strain of 12%; (c) statistical

distribution for the ratios between the strain of the mineralised collagen fibrils and

the mineralised collagen fibre strain with the orange line showing the value at the

experimental yield point; (d) strain ratio distributions between the mineral particles and

mineralised collagen fibre. Each page shows the same loading step in the recruitment

and non-recruitment model outcome.

For the recruitment model, we saw that at the experimental and numerical yield strain

of 0.04, there are still around 50 unrecruited mineralised collagen fibrils (Figures 3.9c,d

and 3.10c,d). No recruitment takes place in the non-recruitment model and no counts

at 0 in the elastic region are visible (Figures 3.8c,d and 3.11c,d). After full contact has

been established between the flat punch and the micropillar, counts drop to zero for the

recruitment model (Figures 3.12c,d). At the same loading step, the first mineralised

collagen fibrils start to fail in the non-recruitment model. (Figures 3.13c,d). With an

increasing compressive stress, an increasing number of mineraliased collagen fibrils fail.

At an apparent fibre strain of around 0.09, about four times as many mineralised collagen

fibrils have already failed in the non-recruitment model (Figures 3.15c,d) compared to

the case when we consider the gradual fibril recruitment (Figures 3.14c,d).

Table 3.4: Six figures outline details on the mineralised collagen fibril recruitment and failure
including loading steps at the numerical yield point, at full recruitment and when fibrils fail.

numerical yield point full recruitment fibrils fail

with fibril recruitment Figure 3.10 Figure 3.12 Figure 3.14

without fibril recruitment Figure 3.11 Figures 3.11, 3.15
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(a) (b)

(c) (d)

non 
recruited 
fibrils

εmineral / εfibre ≃ 0.09

at fibre yield strain

εfibril / εfibre ≃ 0.20

at fibre yield strain

yieldεfibre ≃ 0.04

Figure 3.10: Model with mineralised collagen fibril recruitment at the numerical yield point
showing unrecruited mineralised collagen fibrils and fitting strain ratios compared to our
experiments (Section 3.1). Not all mineralised collagen fibrils carry load.

εmineral / εfibre ≃ 0.09

at fibre yield strain

εfibril / εfibre ≃ 0.20

at fibre yield strain

yieldεfibre ≃ 0.04
(a) (b)

(c) (d)

no 
fibril 
recruitment

Figure 3.11: Model without mineralised collagen fibril recruitment at the numerical yield point
showing no recruitment and a disagreement with experiments (Section 3.1). All mineralised
collagen fibrils carry load.
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εmineral / εfibre ≃ 0.09

at fibre yield strain

εfibril / εfibre ≃ 0.20

at fibre yield strain

yieldεfibre ≃ 0.04
(a) (b)

(c) (d)

full 
fibril 
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Figure 3.12: Model with mineralised collagen fibril recruitment at a point of full recruitment
in the plastic region of the mineralised collagen fibre. All mineralised collagen fibrils carry
load.
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εfibril / εfibre ≃ 0.20

at fibre yield strain

yieldεfibre ≃ 0.04
(a) (b)

(c) (d)

first
fibrils
fail

Figure 3.13: Model without mineralised collagen fibril recruitment at a point when the first
mineralised collagen fibrils start to fail at the same loading step when in the recruitment
model (Figures 3.12c,d) all mineralised collagen fibrils have only just been recruited.
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εfibril / εfibre ≃ 0.20

at fibre yield strain

yieldεfibre ≃ 0.04
(a) (b)

(c) (d)

failed mineralised 
collagen fibrils

Figure 3.14: Model with mineralised collagen fibril recruitment at a point in the plastic
region of the mineralised collagen fibre when mineralised collagen fibrils start to fail.

εmineral / εfibre ≃ 0.09

at fibre yield strain

εfibril / εfibre ≃ 0.20

at fibre yield strain

yieldεfibre ≃ 0.04
(a) (b)

(c) (d)

failed mineralised 
collagen fibrils

Figure 3.15: Model without mineralised collagen fibril recruitment at a point when an
increasing number of mineralised collagen fibrils fail (same loading step as in Figure 3.14).
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The development of the skewness of the strain ratio distributions between fibril/fibre

and mineral/fibre (Figure 3.16) shows that we deal with a right tailed distribution in the

initial stages of the compressive loading (positive skewness values). This corresponds

to the gradual fibril recruitment where the majority of the fibrils are still unrecruited.

The development towards zero skewness then corresponds to the stage of full fibril

recruitment where the distribution becomes more homogeneous. This can be overlaid by

first fibril failure. The mean strain ratios show maximum values towards the yield point

and when the maximum compressive strength has been reached. Standard deviation

values further illustrate the transition from an initally heterogeneous fibril deformation

towards a more homogeneous strain ratio distribution.

Strain ratio fibril/fibre Strain ratio mineral/fibre

Figure 3.16: Skewness, mean and standard deviation of the strain ratio distributions between
fibril/fibre and mineral/fibre along the loading cycle demonstrate the gradual fibril recruitment
in the initial stages of the compressive loading and the development from a heterogeneous
towards a homogeneous fibril deformation.
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3.3 Assessment of ultrastructural features and

physio-chemical properties

3.3.1 SRnCT to extract ultrastructural features

Ultrastructural features from the analysis of the SRnCT measurements will be presented

including the local mineralised collagen fibril orientation, the tissue density (mineralisa-

tion) within a mineralised collagen fibre, mineralised collagen fibril diameter and the

surface roughness. The surface roughness measurement was used to formulate a gradual

nonlinear recruitment function for the mineralised collagen fibrils. The influence of the

recruitment on the model outcome is presented in Section 3.2.

Local mineralised collagen fibril orientation

The mean off-axis angle of the orientation vectors was calculated to be 1.93 ± 4.49◦ in

the undeformed part of the micropillars and 1.98 ± 3.31◦ in the substrate. Streamline

and vectorial representations of the mineralised collagen fibril orientation in both

the micropillar and the substrate (Figure 3.18) show the direction and the degree of

anisotropy of the auto-correlation measure. The average vector orientation within the

sub-regions was used to quantify the off-axis angle and the potential misalignment.

The clear longitudinally arranged structure (Figure 3.18) confirms the average uniaxial

arrangement of our micropillars measured as the preferred orientations of the mineralised

collagen fibrils and mineral particles in the SAXS and XRD patterns (Section 3.1.2). It

justifies the parallel arrangement of mineralised collagen fibrils in our model. The plastic

deformation of the compressed micropillars at the top part resulted in a deviation from

the longitudinal arrangement (Figure 3.18). Post-test SEM images showed us that the

top surface was planar with a certain degree of roughness. A deformation localisation

was detected for the tested micropillars (Section 3.1.3), thus the compression has likely

reduced the roughness by plastic deformation.

Tissue density of a mineralised collagen fibre

We measured a mean tissue density within the micropillar area of 1.64 ± 0.16 g/cm3

(N=6). Minimum, median and maximum values were calculated to be 1.41 g/cm3, 1.65

g/cm3 and 1.86 g/cm3, respectively.
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Mineralised collagen fibril diameter and number of rheological elements

The line profile analysis by FFT gave a mean mineralised collagen fibril diameter of 218

± 30 nm, the analysis by local minima 230 ± 34 nm. The average of both analyses

gives a mean of 224 ± 32 nm which was used in further calculations. Based on the

mean average diameter of the micropillars from experiments of 6.08 ± 0.83 µm, a

closed packing density of 0.86 was calculated. This led to 618 ± 198 fibrils within the

micropillar. Thus, 618 single rheological elements were used for numerical simulations.

Mineralised collagen fibril recruitment and surface roughness

We identified the mineralised collagen fibril recruitment with a logistic function ξ(ε)

(Figure 3.17) which is defined as:

ξ(ε) =
1

1 + e
−(ε−µ)

β

=
Ak(ε)

AK
' n(ε)

N
(3.1)

where ε is the total strain with the reference length identified as the maximum dis-

placement until full contact has been established (Figure 3.17).
Ak(ε)

AK
denotes the area

fraction that is in contact with the flat punch at a given displacement relative to the

total surface area AK of full contact. µ and β are the identified mean value and the

shape parameter of the logistic function, respectively. Based on the mineralised collagen

fibril diameter (Section 3.3.1),
Ak(ε)

AK
can be expressed as a normalised number of fibrils.

This corresponds to a normalised number of rheological elements, i.e.
n(ε)

N where N is

the maximum number of elements in the parallel arrangement. In order to determine

the strain offset values of each rheological element, equation (3.1) needs to be re-written

so that:

ε0n = −β ln
(

N
n
− 1
)

+ µ (3.2)

Total strains εn are then corrected for each element n by the element specific offset

strain ε0n:

εn = εn − ε0n if εn ≥ ε0n (3.3)

Since ε0n is a constant for a rheological element n, the relationships in section 2.2.3 stay

valid. The intersection point of the curve with the x-axis in Figures 3.17c and 3.17d

corresponds to the offset of the logistic function for the normalised number of fibrils



CHAPTER 3. RESULTS 83

st
ra

in
 o

ffs
et

 ε 0

0.00 0.02 0.04 0.06 0.08 0.10 0.120.
0

0.
2

0.
4

0.
6

0.
8

1.
0

apparent fibre strain

no
rm

al
is

ed
 n

um
be

r o
f f

ib
ril

s

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

apparent fibre strain

no
rm

al
is

ed
 n

um
be

r o
f f

ib
ril

s

normalised data
logistic function fit

Logistic function for 
the recruitment of

mineralised collagen fibrils 

0.00 0.01 0.02 0.03 0.04 0.05

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

apparent fibre strain

no
rm

al
is

ed
 n

um
be

r o
f f

ib
ril

s

normalised data
logistic function fit

Initially recruited 
mineralised collagen fibrils 
upon compressive loading

(b)(a)

(c) (d)Fibirl recruitment function dependent 
on the rheological element 

Figure 3.17: Identified logistic function and reversed logarithmic relation for the mineralised
collagen fibril recruitment based on the analysis of reconstructed SRnCT images. (a) Logistic
function fit. (b) Function extension to cover the range of loading with full contact between
0.05 and 0.12 apparent fibre strain. A plateau is reached after all mineralised collagen fibrils
(rheological elements) have been recruited. (c) Function to determine the strain offsets ε0n for
every rheological element n. (d) Based on the image analyses, 20 rheological elements were
identified as initially in contact.

seen in Figure 3.17a. It represents the number of mineralised collagen fibrils that are

recruited instantaneously when the compressive loading of the fibre begins.

3.3.2 Raman measurements to estimate sample preparation effects

Results show that the sample preparation had no impact on the physio-chemical prop-

erties such as mineral-to-matrix ratios (polarisation dependent and non-dependent),

carbonation and crystallinity (Table 3.5). The acquired Raman spectra for the ul-

tramilled samples and laser ablated pre-pillars show all characteristic Raman peaks

reported for bone tissue [26, 107, 130]. The Raman signals for the compressed micropil-

lars showed the same overall characteristic Raman peaks but with more pronounced

peaks in between and overlaid peaks as was the case for the carbonate peak CO2−
3

(Figures 2.15 and 3.19). This can be related to the compression since changes in the

peak shape after mechanical deformation has been reported in the literature [239].
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Table 3.5: Overview of Raman results for ultramilled, laser ablated and deformed micropillars.
inclduing mineralisation, carbonation and crystallinity. No significant difference was found for
the ultramilled and laser ablated samples and values are presented pooled and separately.

Quantity
Deformed
micropillars
(N=13)

Undeformed
samples (N=5)

Undeformed
pre-pillars (N=3)

Undeformed
ultramilled (N=2)

v1PO3−
4 /amide I 4.474± 1.563 5.805± 0.235 5.921± 0.052 5.457± 0.072

v2PO3−
4 /amide III 1.264± 0.123 1.238± 0.262 1.168± 0.010 1.274± 0.045

FWHM v1PO3−
4 15.375± 1.636 11.862± 0.276 11.770± 0.124 11.695± 0.232

Inverse FWHM

v1PO3−
4

0.066± 0.007 0.084± 0.002 0.085± 0.001 0.086± 0.027

v1PO3−
4 /CO2−

3 NA 9.250± 0.276 9.233± 0.291 9.516± 0.321

CO2−
3 /v1PO3−

4 NA 0.107± 0.003 0.106± 0.008 0.108± 0.003

Peak position
Amide I in cm-1 1654.78± 4.05 1664.67± 1.99 1663.07± 0.09 1666.28± 1.46

Peak position
Amide III in cm-1 1240.11± 1.85 1263.94± 4.11 1264.84± 0.79 1262.59± 4.73

Peak position

v1PO3−
4 in cm-1 958.73± 0.77 961.03± 0.60 961.41± 0.07 960.88± 0.79

Peak position

v2PO3−
4 in cm-1 441.16± 2.16 432.48± 2.12 433.19± 0.20 432.60± 3.89

Carbonation values were not accessible (NA) for deformed samples due to overlaid peaks.

3.3.3 EDX/EDS measurements to estimate sample preparation effects

The main prominent peaks of Ca, C, O, P, Mg and Na were identified for all samples

(Figure 3.20). Mean values for the Ca/P ratio were 1.75 ± 0.21 for FIB-milled micropil-

lars, 1.76 ± 0.17 for laser ablated pre-pillars and 1.73 ± 0.15 for ultramilled samples.

It confirms that the sample preparation did not effect the Ca/P ratio which provides

the most important information about the quality of the mineral matrix. Sample

surface roughness were comparable for the different preparation steps and, thus, had no

influence on the inter-sample comparison with respect to the EDX/EDS results.
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Local fibril orientation within a mineralised collagen fibre and substrate
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Figure 3.18: Local mineralised collagen fibril orientation in the micropillar and substrate.
Streamline and vectorial representations give a qualitative, off-axis angles of the orientation
vectors a quantitative analysis. The misalignment in the micropillar top part (deformed
part) is related to strain localisation during compression. For the quantitative analysis, the
undeformed micropillar part and the substrate were used. DA = degree of anisotropy.
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Figure 3.19: Overlay of a Raman spectrum of an ultramilled and a micropillar sample.
Pronounced peaks of the micropillar related spectrum are associated with the resolution of
the Raman measurement. MCF = mineralised collagen fibre
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Figure 3.20: Exemplary X-ray spectra from FIB-milled micropillars, laser ablated pre-pillars
and ultramilled samples. The identified chemical elements in the top images also apply for
the samples in the bottom row. The same x-axis applies for the top and the bottom rows.
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3.4 The quasi-physiologic compressive behaviour of a

mineralised collagen fibre at the micro- and nanoscale

3.4.1 Apparent mechanical properties at mineralised collagen fibre level

Due to washed-up material as a result of a hydration artefact (Section 3.4.6), 10 of the

14 rehydrated samples could be used for the analysis and the comparison to the dry

testing (Section 3.4.3). Due to a drying effect, the analysis region for the wet samples

further needed to be restricted (Figure 3.21). All 4 samples tested under dry conditions

could be analysed. In addition, one sample where washed up material was identified

in the SEM analysis, was analysed to show the influence of this rehydration artefact

on the mechanical behaviour (Figure 3.27). No significant difference was found for the

mechanical properties between the SAXS (N=5) and XRD (N=5) group and data were

pooled for further analysis at the fibre level. The Shapiro-Wilk test showed that the

data were normally distributed. Mean values for the fibre mechanical properties are

presented in Table 3.6 for yield stress σ
yield
33 , yield strain ε

yield
33 , compressive strength σstr

33 ,

ultimate strain εult
33 , Young’s modulus ε f ibre and substrate modulus εsub. In addition,

absolute values with median, minimum and maximum, are presented in Figure 3.22.

No X-ray beam induced deterioration of the apparent material properties was found

based on the development of the unloading moduli (stiffness) (Figure 3.22). No significant

increase in damage, estimated as a reduction of the unloading moduli, was detected.

For the dry samples, no stiffness reduction was seen up to a plastic strain of 10%. Since

the analysis region for the rehydrated samples needed to be restricted (Section 2.4 and

Figure 3.21), a region of up to a plastic strain of 5% was analysed where no significant

decrease in fibre stiffness was detected.

For the analysed sample with washed-up material σ
yield
33 , ε

yield
33 , σstr

33 , ultimate strain εult
33 ,

Young’s modulus ε f ibre and substrate modulus εsub were as follows: 0.287 GPa, 0.079

µm/µm, 0.298 GPa, 0.089 µm/µm, 37.374 GPa and 4.542 GPa.

Table 3.6: Apparent mechanical properties of rehydrated mineralised collagen fibres.

σ
yield
33 /GPa ε

yield
33 σstr

33 /GPa εult
33 ε f ibre/GPa εsub/GPa

0.038 ± 0.015 0.030 ± 0.008 0.045 ± 0.018 0.044 ± 0.011 5.070 ± 1.155 1.619 ± 0.371

N=10, SAXS (N=5), XRD (N=5)
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rehydrated drying

fibre strain
unloading modulus

rehydrated drying

fibre strain
unloading modulus
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Fibre stress-strain data and unloading moduli rehydrated

fibre strain
unloading modulus

Figure 3.21: Stress-strain data for three of the micropillars which showed distinct regions
with an increase of stress values and unloading moduli due a drying of the samples during
testing. Data were, thus, split into a rehydrated and drying region (Section 2.4.1). The data
analysis was restricted to the rehydrated region.
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Figure 3.22: Apparent mechanical properties of a mineralised collagen fibre tested under
rehydrated (N=10) and dry (N=4) conditions measured during this study. The top row shows
damage and plasticity estimated via the reduction of the unloading moduli (left: rehydrated
samples; right: dry samples). The analysis for the rehydrated samples needed to be restricted
due to a drying effect during testing which led to a shortened analysis region for the plastic
behaviour compared to samples tested under dry conditions. The bottom row shows the
minimum, median and maximum values for the apparent mechanical properties at the yield
point and compressive strength as well as the Young’s modulus and substrate modulus for the
rehydrated samples (see Figure 2.19).
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3.4.2 Mechanical behaviour of mineralised collagen fibrils and mineral

particles and comparison to apparent fibre behaviour

Five micropillars each for the SAXS and XRD group were used to determine the strains

of the mineralised collagen fibrils and the mineral particles. In addition, the SAXS

pattern was analysed for one of the samples that showed washed-up material due to

the rehydration (Figure 3.27) to quantify the effect of this rehydration artefact on the

micro- and nanoscale behaviour.

For all samples, the mineral strain was smaller compared to the fibril strain and the

fibril strain smaller than the apparent fibre strain. In the elastic region, this led to

relative ratios of around 53:5:2. Mean values, thus, showed that only around 10% of

strain is taken up by the mineralised collagen fibrils compared to the apparent fibre

strain (Figures 2.20 and 3.23), and 4% by the mineral particles (Figures 2.20, 3.24 and

3.23). Mineral particles strain was on average 60% smaller than mineralised collagen

fibril strain.

The fibril-to-fibre strain ratio of the sample with washed-up material was 0.27 and, thus,

showed a 65% higher value compared to the mean of the rest of the samples. This value

is close to what has been measured under dry conditions (Section 3.1.2).

Table 3.7: Ratios between the mineralised collagen fibrils strain and mineralised collagen
fibre strain as well as mineral particles strain under rehydrated testing conditions. Both ratios
were used to calculate the ratio between the mineral particles and the mineralised collagen
fibrils.

ε
f ibril
33 /ε

f ibre
33 εmineral

33 /ε
f ibre
33 εmineral

33 /ε
f ibril
33

Strain ratios
(elastic region)

0.095 ± 0.029 0.038 ± 0.013 0.40 ± 0.021

N=10, SAXS (N=5), XRD (N=5)

3.4.3 Influence of hydration on the apparent fibre behaviour

Ten of the rehydrated samples were used for the comparison to the dry testing results.

The hydration effect was three times higher for the stress values than for the strain

values. A mean reduction of around 75% was calculated for the yield stress σ
yield
33

and compressive strength σstr
33 . For the yield strain ε

yield
33 and ultimate strain εult

33 , the

hydration led to a reduction of around 25% . The apparent Young’s modulus ε f ibre was
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Figure 3.23: The overall strain ratio between the mineral particles and the mineralised
collagen fibre as well as the mineralised collagen fibrils and mineralised collagen fibre in
the elastic region were determined as the steepest slope of the cubic spline fitted to the
mineral-fibre-strain data, here shown for two exemplary samples. On average, only 4% of the
apparent mineralised collagen fibre strain is taken up by the mineral particles and only 10%
of the apparent mineralised collagen fibre strain is taken up by the mineralised collagen fibrils.
An overlay of time-dependent strain plots of mineral, fibril and fibre strain can be found in
Section 2.4.1, Figure 2.20.

reduced by 60-70% and the substrate modulus εsub by 55-70% (Tables 3.8 and 3.9). All

differences between results from the rehydrated and dry testing were significant.
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compressive loading

Strain ratios between mineral particles 
and mineralised collagen fibre

Figure 3.24: Discrete time points (left image) were accessed during loading and unloading
segments to determine either fibril or mineral strain. Strain ratios at these time points were
calculated based on synchronised datasets (right image). See also Figure 2.20.

Table 3.8: Apparent mechanical properties of a mineralised collagen fibre under rehydrated
conditions. For comparison results from dry micropillar compression tests are presented.

σ
yield
33 /GPa ε

yield
33 σstr

33 /GPa εult
33 ε f ibre/GPa εsub/GPa

Wet 0.038 ± 0.015 0.030 ± 0.008 0.045 ± 0.018 0.044 ± 0.011 5.070 ± 1.155 1.619 ± 0.371

Dry1 0.154 ± 0.051 0.040 ± 0.011 0.180 ± 0.042 0.060 ± 0.016 16.472 ± 3.38 5.734 ± 2.323

Dry2 0.110 ± 0.107 0.055 ± 0.008 0.137 ± 0.115 0.087 ± 0.006 12.039 ± 7.317 3.561 ± 3.084

Rehydrated: N=10; Dry1 (Section 3.1.1): N=11; Dry2 (this study): N=4

Table 3.9: Comparison of rehydrated and dry testing results for the apparent mechanical
properties at the mineralised collagen fibre level. Rehydrated data (N=10) were compared
with the dry tested samples in this study (N=4) and the dry tested samples from previous
experiments (N=11) (Section 3.1.1).

σ
yield
33 ε

yield
33 σstr

33 εult
33 ε f ibre εsub

Factor wet/dry
compared to results
in Section 3.1.1

0.247 0.744 0.251 0.741 0.308 0.281

Factor wet/dry
compared to same
experiments

0.345 0.539 0.329 0.509 0.421 0.455

Rehydrated: N=10; Dry (this study): N=4; Dry (Section 3.1.1): N=11
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3.4.4 Influence of hydration on multilevel strain ratios

The hydration effect was nearly the same for the fibril-to-fibre strain ratios and the

mineral-to-fibre strain ratios with a difference of 1%. For both the mineralised collagen

fibrils and mineral particles, rehydration led to a 62% reduction of the strain in the

elastic region (Table 3.10). The rehydrated testing showed relative ratios of 53:5:2

for the fibre, fibril and mineral strain (elastic region) compared to 22:5:2 for the dry

testing (Section 3.1.2). Thus, compared to the dry testing, the factor between the

mineral and fibril strains remained the same with around 40% less strain taken up by

the mineral particles compared to the mineralised collagen fibrils. The fibril-to-fibre

strain ratio of 0.23 under dry conditions reduced to 0.10 under rehydrated conditions.

For the mineral-to-fibre strain ratio a reduction from 0.09 under dry testing to 0.04

under rehydrated testing was found (Section 3.4.2 and Table 3.7). The differences

between the rehydrated and dry testing were significant for fibril-to-fibre (p=0.004) and

mineral-to-fibre (p<0.0001) strain ratios.

Table 3.10: Comparison of rehydrated and dry testing results for the strain ratios between
the mineralised collagen fibrils and fibre as well as the mineral particles and the mineralised
collagen fibre. In addition, the ratios between mineral and fibril strain were calculated from
those ratios.

ε
f ibril
33 /ε

f ibre
33 εmineral

33 /ε
f ibre
33 εmineral

33 /ε
f ibril
33

Factor wet/dry
compared to results
in Section 3.1.2

0.422 0.418 0.989

Rehydrated: N=10 (5 SAXS, 5 XRD); Dry (Section 3.1.2): N=11 (6 SAXS, 5 XRD)

3.4.5 SEM based failure mode analysis

For the majority of wet tested micropillars, mushrooming at the top surface was observed.

In many cases, this was combined with microbuckling or fracture of mineralised collagen

fibrils (Figure 3.25). For the dry tested samples in this study, a kink band formation

with localised shear planes was the main failure mode (Figure 3.26). Compared to the

failure modes identified in compressed micropillars under dry conditions in the previous

study (Section 3.1.3), fibril-matrix interface failure, axial splitting, fibril microbuckling

and fibril fracture occurred in wet and dry tested samples. Bulging and kink bands were

only observed in dry tested micropillars, mushrooming only in wet tested samples.
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Figure 3.25: Failure modes of rehydrated micropillars tested under compression. Several
failure modes may combine in any one specimen. For the majority of wet tested micropillars,
mushrooming at the top surface was observed. In many cases, this was combined with
microbuckling or fracture of mineralised collagen fibrils.
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2 μm 2 μm 
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Figure 3.26: Failure modes of dry micropillars tested under compression. As reported in the
previous dry testing micropillar compression tests (Section 3.1.3), the formation of kink bands
with a localised shear plane was observed.

3.4.6 SEM based analysis of the rehydration artefact

Two micropillars showed considerable higher mechanical properties (Figure 3.27) as a

result of washed up material. The washed up material stabilised the micropillar in two

ways. It served as a support from the surroundings (Figure 3.27, top row) and as a

coating around the micropillar preventing fibrils to break and the fibril-matrix interface

to debond further (Figure 3.27, bottom row). Some micropillars showed different regions

(3.28) in the stress-strain data where an increase of stress as well as unloading modulus

was determined. Based on the SEM failure analysis, this is related to two mechanisms.

The rehydration washed up some of the material creating an additional support for the

micropillar limiting a further disintegration of the mineralised collagen fibre. A drying

of the micropillar during the compression test further led to an increase of stress and

stiffness values.
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(1) (2)

Figure 3.27: SEM images and of one of the two micropillars that showed higher mechanical
properties due to washed-up material from the rehydration process. The images show the
compressed micropillar from four different equidistant angles and the stabilising effect on the
micropillar as a result of the additional material. In region (1) of the stress-strain curve, a
linear increase of the unloading moduli is visible while values level off in region (2).
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Figure 3.28: SEM images and stress-strain data of an exemplary micropillar showing different
regions (1-4) in the stress-strain data. In these regions, an increase of stress as well as unloading
modulus was measured as a result of washed-up material and a drying effect. A linear increase
in region (1) of the stress-strain curve is followed by three regions (2-4) where stiffness values
are levelling off.
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3.4.7 Using the statistical constitutive model for the quasi-physiologic

mineralised collagen fibre behaviour

Model with mineralised collagen fibril recruitment

The recruitment model simulated a quasi-physiologic mineralised collagen fibre behaviour

with a yield stress σ
yield
33 of 0.040 GPa, a yield strain ε

yield
33 of 0.029, a compressive

strength of σstr
33 of 0.044 GPa, a substrate modulus of 1.482 GPa and a apparent fibre

modulus ε f ibre of 7.026 GPa (Figures 3.29 and 3.30) as well as a Young’s modulus

for the mineralised collagen fibril of ε f ibril of 15.921 GPa from the shear lag model.

The model calculated mean values for the strain ratios at the yield point of 0.093

between the mineralised collagen fibrils and mineralised collagen fibre as well as 0.031

between the mineral particles and the mineralised collagen fibre. The ratio between

the mineral particles and the mineralised collagen fibrils was 0.335. The model can

simulate the mineralised collagen fibre stress-strain curve and results agree with the

mean experimental values at the micro- and nanoscale (Sections 3.4.1 and 3.4.2) with

an average accuracy of 88.8 ± 8.3 % (Table 3.29).

(a) (b)

(c) (d)

non recruited 
mineralised collagen fibrils

εfibril / εfibre ≃ 0.1

at fibre yield strain

εmineral / εfibre ≃ 0.04

at fibre yield strain

yieldεfibre ≃ 0.03

Figure 3.29: Model response without mineralised collagen fibril recruitment. Orange lines
denote experimental values. (a,b) Experimental loading protocol used in the simulations
and simulated apparent stress strain-data until the numerical yield point. (c,d) Statistical
distribution for the fibril-to-fibre and mineral-to-fibre strain ratios. There are still around 70
unrecruited mineralised collagen fibrils at the numerical yield point.
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(c) (d)

non recruited 
mineralised collagen fibrils

εfibril / εfibre ≃ 0.1

at fibre yield strain

εmineral / εfibre ≃ 0.04

at fibre yield strain

drying 
effect

(b)
yieldεfibre ≃ 0.03

Figure 3.30: Model response with fibril recruitment and overlay with experimental curves.
Orange lines denote experimental values. (a) Experimental loading protocol used in the
simulations. (b) Overlay of simulated stress-strain curve (black) with experimental curves
(grey) from rehydrated micropillar compression. The top right area shows the linear increase
of stress and unloading moduli due to sample drying. (c,d) Statistical distribution for the
fibril-to-fibre and mineral-to-fibre strain ratios at the numerical yield point.

Table 3.11: Comparison of experimental values to simulated values with fibril recruitment
for micro- and nanomechanical fibre properties under rehydrated conditions.

σ
yield
33 /GPa ε

yield
33 σstr

33 /GPa ε f ibre/GPa εsub/GPa ε
f ibril
33 /ε

f ibre
33 εmineral

33 /ε
f ibre
33

experiment 0.038 0.030 0.045 5.070 1.619 0.095 0.038

model 0.040 0.029 0.044 7.016 1.482 0.093 0.031

accuracy 94.7% 97.8% 96.7% 91.5% 61.6% 97.9% 81.6%

Model without mineralised collagen fibril recruitment

The model without fibril recruitment resulted in a simulated mineralised collagen fibre

with a yield stress σ
yield
33 of 0.044 GPa and yield strain ε

yield
33 of 0.007 at the numerical

yield point. The transition from the elastic to the plastic region happened much earlier

than seen in experiments when the model is run without fibril recruitment (Figures 3.31

and 3.32). The fibre showed a compressive strength of σstr
33 of 0.045 GPa and a apparent

fibre modulus ε f ibre of 7.314 GPa as well as a Young’s modulus for the mineralised

collagen fibril ε f ibril of 15.901 GPa from the shear lag model. The model calculated a
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mean strain ratio at the numerical yield point of 0.426 for fibril-to-fibre and 0.143 for

mineral-to-fibre. Mineral-to-fibril strain ratio was 0.338 (Figures 3.31 and 3.32).

(a) (b)

(c) (d)εfibril / εfibre ≃ 0.1

at fibre yield strain

εmineral / εfibre ≃ 0.04

at fibre yield strain

yieldεfibre ≃ 0.03

Figure 3.31: Model response without fibril recruitment. (a,b) Experimental loading protocol
and apparent stress strain-data until the numerical yield point. (c,d) Statistical distribution
for the fibril-to-fibre and mineral-to-fibre strain ratios. All fibrils carry load.

(a)

(c) (d)εfibril / εfibre ≃ 0.1

at fibre yield strain

εmineral / εfibre ≃ 0.04

at fibre yield strain

drying 
effect

(b)
yieldεfibre ≃ 0.03

Figure 3.32: Model response without fibril recruitment. (a) Experimental loading protocol.
(b) Overlay of simulated (black) and experimental stress-strain curves (grey) from rehydrated
tests. The whitened area (b, top right) shows the drying effect (see text). (c,d) Statistical
distribution for fibril-to-fibre and mineral-to-fibre strain ratios at the numerical yield point.
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3.4.8 Comparison of model outcome for wet and dry conditions

When we compare the model outcome of the statistical constitutive model as outlined

in chapter 3.2 for the testing under dry conditions with the results from the rehydrated

model, we can see a decrease in the apparent mechanical properties of the mineralised

collagen fibre as found experimentally (Figure 3.33). This decrease was much higher

for the stress compared to the strain values with a 75% decrease for the yield stress

and compressive strength and a 25% decrease for the yield strain. Rehydration further

decreased the apparent unloading moduli by 55% and, the fibril stiffness by a 25%. The

simulated mechanical interplay between the mineralised collagen fibrils and mineral

particles compared to the apparent mineralised collagen fibre deformation showed a 55%

decrease for the fibril-to-fibre strain ratio and a 63% decrease for the mineral-to-fibre

strain ratio. Between the mineral and fibril strains, the model calculated a reduction of

22%. Compared to the corresponding values from experiments at the apparent fibre

level (Section 3.4.3, Table 3.8), we see a very good agreement regarding the yield strain,

yield stress and compressive strength. The reduction of the unloading moduli of 60-70%

was slightly higher in the experiments. Regarding the multilevel strain ratios (Section

3.4.4, Table 3.10) the model shows very good agreement regarding the reduction of the

fibril-to-fibre strain ratio with slightly higher values for the mineral-to-fibre and mineral-

to-fibril strain ratios. Table 3.12 gives an overview of the elasto-plastic properties

identified via the statistical constitutive model for a mineralised collagen fibril array

under compressive loading for both dry and rehydrated conditions.

wet

dry

no fibril recruitment

Simulated behaviour of a mineralised collagen fibre - wet and dry

wet

dry

with fibril recruitment

Figure 3.33: Comparison of the simulated compressive behaviour of a mineralised collagen
fibre under wet and dry conditions with (left) and without (right) considering gradual nonlinear
mineralised collagen fibril recruitment. For the recruitment model, experimental stress-strain
curves are presented for both the testing of mineralised collagen fibre micropillars under dry
(light red) and quasi-physiologic (light blue) conditions.
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Table 3.12: Elasto-plastic micro- and nanoscale properties of a mineralised collagen fibril
array under dry and wet conditions. The reported values via shear lag are mean values of
around 30 simulations done with the same non-statistical model input parameters.

Model input parameter Variable Dry Wet Source

Number of elements nele 618 618
sections 2.3.1 and
3.3.1

Mineral volume fraction φmin 0.40 0.40 [17, 49, 156]

Collagen volume fraction φcol 0.47 0.47
using φ f ibril and φecp
(see text)

Ecp volume fraction φecp 0.13 0.13 using φ f ibril (see text)

Fibril volume fraction φ f ibril 0.86 0.86
sections 2.3.1 and
3.3.1

Mineral particles
aspect ratio

γmin 25 25 [20, 142, 218–220]

Fibril aspect ratio γ f ibril 200 200 [20]

Mineral Poisson ratio νmin 0.28 0.28 [17, 221, 222]

Collagen Poisson ratio νcol 0.3 0.3 [17]

Mineral Young’s modulus εmin 114 GPa 114 GPa [20, 218, 221, 222]

Collagen Young’s modulus εcol 1.42 GPa 0.9 GPa [20, 221, 255]

Ecp shear modulus µecp 0.003 GPa 0.0002 GPa
using shear lag model
(see 2.2.4)

Fibril Young’s modulus ε f ibril 20.14 GPa 15.91 GPa
using shear lag model
(see 2.2.4)

Fibre Young’s modulus ε f ibre 15.82 GPa 7.29 GPa
using shear lag model
(see 2.2.4) and Sec-
tion 3.1

Fibril hardening modulus χmc 0.033 GPa 0.012 GPa using ε f ibril (see text)

Efm hardening modulus χe f 0.49·10-4 GPa 0.02·10-5 GPa using µecp (see text)

Fibril yield strain εy,mc 0.028 0.024 [92, 142]

Efm yield strain εy,e f 0.012 0.006
using εp,mc and series
model arrangement

Fibril ultimate strain εp,mc,ult εp,mc·102 εp,mc·102 Efm failure assumed

Efm ultimate strain εp,e f ,ult 0.09 0.09
using Section 3.1 and
εp,mc,ult (see text)

Mean value logistic fit µ 0.0215 -
sections 2.3.1 and
3.3.1

Shape parameter
logistic fit

β 0.00635 -
sections 2.3.1 and
3.3.1

Surface roughness ξ 100% 75%
sections 2.3.1 and
3.3.1, σ(ε)-curves

Std: standard deviation; Ecp: extra-collageneous proteins; Efm: extrafibrillar matrix; mc: mineral
collagen composite (= mineralised collagen fibril)



4 Discussion

We successfully tested the compressive behaviour of individual mineralised collagen

fibres at the micro- and nanoscale. We extracted micropillars from single mineralised

collagen fibres using a combination of dissection, ultramilling, ultra-short pulsed laser

ablation and focused ion beam milling as parts of a novel preparation procedure. Mi-

cropillar compression and SAXS and XRD were combined to quantify the deformation

behaviour of mineralised collagen fibres and their interplay with its main mechanical

components, the mineralised collagen fibrils and mineral particles. In addition, a clas-

sification scheme for the observed failure modes in the SEM images was developed

considering the mineralised collagen fibre as a fibril-matrix reinforced composite.

We then developed an elasto-plastic statistical constitutive model for the mechanical

behaviour of a mineralised collagen fibre and embedded two classical shear lag models

to consider the stress transfer to and between the main fibre components. We used

synchrotron radiation X-ray phase-contrast nanometre computed tomography to ex-

tract ultrastructural features of the samples for the model input. The model outputs

distributions of the micro- and nanomechanical responses and, thus, directly simulates

the results from in-situ mechanical testing and SAXS and XRD measurements. The

model can further be generalised towards other mineralised tissues (Section 4.2.2).

We then extended the combined experimental approach of micropillar compression and

SAXS/XRD to identify the micro- and nanomechanical behaviour of individual miner-

alised collagen fibres under quasi-physiologic conditions including its coupling with its

main mechanical components. We studied the influence of hydration on the mechanical

behaviour by comparing our results with data from two micropillar compression tests of

the same material under dry conditions. We further used our statistical constitutive

model to explain how the micro- and nanomechanical properties of a mineralised collagen

fibre changes in the elastic and plastic region under wet conditions.

103
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4.1 The micro- and nanomechanical compressive behaviour of

mineralised collagen fibres

4.1.1 Apparent mineralised collagen fibre behaviour

Stress and strain curves at the fibre level show the same characteristic development

as reported for micropillar compression tests on osteonal bone [26, 67]. Compared to

dry axial micropillar compression tests on ovine bone [26] and bovine bone [27], the

compressive strength is three to four times smaller but the ultimate strain 2.5 times

larger. Differences in these absolute values can be associated with the different structural

set-up of the mineralised collagen fibrils [104] in bone tissue which is tailored towards

compression whereas tendon tissue is tailored towards tension. In addition, different

degrees of mineralisation of both tissues need to be considered [49, 51]. As reported

for ovine bone for plastic strains up to 8% [26], we found an absence of damage for up

to 9% of plastic strain in the post-yield region. Damage was estimated as the relative

change in stiffness after yielding. As proposed by Schwiedrzik et al. [26], this lack of a

significant change in the apparent modulus after overloading might point towards a lack

of diffuse crack opening until failure [260] of the micropillar. It furthermore implicates

that no complete intrafibrillar separation between the mineral and collagen takes place,

also in the post-strength region [187]. A slip at the interfaces [187], nevertheless, is

possible and our data shows (Figure 3.3) that individual mineralised collagen fibrils, if

not fractured, stay intact while a movement between individual fibrils is still possible.

This is visible in the mineral unloading (Figure 3.3). The high apparent ductility at

the microscale observed in the mechanical data can be attributed to the interaction

between the mineral and collagen that governs the mechanical compressive behaviour

of the fibre. The fibre’s mean apparent Young’s modulus fits to results reported on

mineralised turkey leg tendon measured by nanoindentation [261] and is larger than

corresponding values from microindentation [261] which is expected, considering that

the influence of microporosity is minimised when probing at lower length scales. In

addition, the scale and structural size effects for the tissue’s mechanical properties need

to be considered [65, 262–265]. Compared to micropillar compression tests on ovine and

bovine bone [26, 27], the mean apparent Young’s modulus of the mineralised collagen

fibre is approximately half of what is reported in the axial direction. Again, this can

most likely be attributed to the different degree of mineralisation [49].
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4.1.2 Multiscale mechanical behaviour of mineralised collagen fibres

Multiscale load transfer within a fibre based on apparent moduli

A comparison of the apparent mean Young’s modulus at the fibre level as well as the

pseudo-stiffness values at the level of the mineralised collagen fibril (calcified collagen

phase) and the mineral nanocrystals (mineral phase) allows an estimation of the load

transfer between the constitutive phases.

The pseudo-stiffness value for the mineralised collagen fibril is comparable to the lit-

erature with respect to uniaxial compression tests on bovine dentine samples of a few

millimetres [85]. Due to deformation mechanisms between the fibre’s constituents and

the presence of mineral, the modulus of pure collagen is expected to be smaller than

the apparent modulus in the mineralised fibril composite [176]. This is supported by

our findings when the usually reported range of values for the Young’s modulus of pure

collagen between 1 and 9 GPa is taken as a reference [17, 25, 71, 266, 267].

The mean apparent pseudo-stiffness for the mineral phase was 10-17% higher on aver-

age but comparable with reported results from the literature [80, 176] who analysed

XRD patterns of millimetre sized canine bone samples under compressive loading and

performed simulations of elastic properties for mineralised collagen fibrils. The authors

reported a value for the apparent modulus of the mineral phase of 38.2 ± 0.5 GPa

based on the 004-reflection which represents the same crystal plane as the 002-reflection

used in our study. Their values were calculated via estimated internal stresses derived

from calculations proposed by He and Smith [268] for a biaxial strain model and the

Kröner-Eshelby model [269] for the actual approximation. This approach was not acces-

sible in our study due the weak intensities of the XRD patterns of relevant reflections

for the transverse deformation. This was mainly a result of the short exposure time

that was chosen to minimise the influence of irradiation. In general, a higher apparent

modulus value can be expected when comparing our test at the level of the individual

mineralised collagen fibre with macroscopic compression tests, most probably due to

the smaller amount of porosities and interfacial volume between the constitutive phases

and along the length scales. Similar explanations were made by Deymier-Black et al.

[85, 175] who found low apparent modulus values for their hydrated macroscopic bovine

dentine samples in the mineral phase (applied stress versus measured mineral strain) of

about 18 ± 2 GPa and 26.5 ± 7.2 GPa, respectively. They attributed differences to the

model predictions of 44 GPa [175] partially to the high fraction of interfacial volume. A

higher apparent modulus value for the mineral phase is also related to a weakening of
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the interfacial bonding which leads to a decrease in the load transfer as discussed for

raloxifene that supposedly modifies the interface between the collagen and the mineral

nanocrystals [270].

For experimental and numerical studies on mineralised tissue such as bone and min-

eralised turkey leg tendon, a Young’s modulus value of hydroxyapatite in the range

of 85 to 120 GPa is usually reported [17, 63, 79, 154]. Values for hydroxyapatite with

an amorphous layer between 75 and 107 GPa have been reported as well [271] and

some authors [20, 63, 154, 272] discuss that the high number of 85 - 120 GPa might

be overestimated for biomaterials since it refers to synthetic apatite crystals whereas

hydroxyapatite in mineralised tissue show impurities and a non perfect crystalline

structure [20, 63, 154, 272]. Differences between our values and those reported for

hydroxyapatite can be attributed to the fact that our values are not obtained from a

single crystal but from a mineral phase comprising several nano-crystalline particles

impregnating a fibril network as a powder glue mixture as a result of its biosynthesis.

Due to deformation mechanisms between the fibre’s constituents and along the length

scales, the modulus of pure hydroxyapatite is expected to be higher than the apparent

one in the mineral phase corresponding to a decrease in the stiffness values of the

hydroxyapatite nanocrystals in the bulk [175, 264]. Hydroxyapatite crystals found in

mineralised turkey leg tendon further show a smaller thickness, about a factor of 0.5 to

0.67, compared to bone [35, 47, 176]. As mentioned earlier, Almer and Stock [70, 80]

based their results on internal stresses in the mineral crystal. They report stress ratios

between the mineral phase and the tissue level which, together with findings from

Borsato and Sasaki [273], leads to an average ratio of 2.5. By multiplying this value with

our mean apparent pseudo-stiffness in the mineral phase, a value of about 110 GPa can

be calculated which is comparable to values reported for pure hydroxyapatite crystals.

The discussed explanations did not consider any differences in the fibril and mineral

volume fraction of the tissue which are discriminating factors for the mechanical proper-

ties, with the latter especially dominant for the elastic stiffness [17, 33, 85, 176]. These

parameters were not assessed in this part of the study.

Multiscale mechanical interaction within a fibre based on strain ratios

Strain values at the level of the fibre, fibril and mineral showed a decreasing trend.

Strain ratios at the point of compressive strength for fibril-to-fibre levels and for mineral-

to-fibre levels are lower than comparable values reported for macroscopic tensile tests

on millimetre sized bone samples of 0.41 ± 0.02 for fibril-to-tissue levels and 0.24 ±
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0.02 for mineral-to-tissue levels [79]. While differences in the post-yield region might be

attributed to the different testing regimes, macroscopic uniaxial compression tests on

bovine cortical bone also showed higher strain ratios between the macroscopic strain

of millimetre sized samples and fibril and mineral strains [100] where ratios higher

than approximately 0.4 can be derived from the presented data. In all reported cases,

tensile as well compressive, the mean fibril strain shows higher values than the mineral

strain [79, 85, 100, 274] which is expected and in accordance to our findings. The differ-

ences in the strain ratios might have different origins and be attributed to a structural

reorganisation at the nanoscale that manifest itself in extrafibrillar and intrafibrillar

gliding mechanisms [71, 142, 206], the latter associated with mineral particle gliding. A

structural reorganisation is supported by the development of our fibril strains which

show a higher dispersion (Figure 3.4), most pronounced after the point of compressive

strength, partly attributed to a decrease in the SAXS signal intensity. As reported

for tensile tests on bone [142, 206, 275], the gradual disruption of the ordering of the

calcified collagen phase leads to decreased intensities of the SAXS meridional Bragg

peaks as this is related to the destruction of the long range order in the collagen network

and an intrafibrillar gliding [276]. The deviation from a perfectly ordered system also

results in an increase in peak widths while the scattered intensity by the most disordered

part appears as a diffuse background [73]. This reduction of the intensity of Bragg

peaks was visible in most of the analysed SAXS patterns but not present in the sample

that was used for the irradiation test during stress relaxation. This suggests that the

decreasing intensity is essentially related to a structural disorder. The low fraction of

apparent strain that is taken up by the mineral phase as well as the calcified collagen

phase might therefore be explained by shear deformations and frictional sliding at the

intra- and extrafibrillar interfaces that lead to energy dissipation [38]. Furthermore, a

large amount of strain might also be taken up by the extrafibrillar matrix what would

suggest that a higher portion of the mineral nanocrystals is located within the fibrils.

The small fibril-to-fibre strain ratio might furthermore be related to a gradual recruit-

ment of the mineralised collagen fibrils upon the onset of compressive loading. In this

case, not all fibrils are loaded initially upon the start of the compression leaving a

small number of fibrils to bear a large amount of load. This situation leads to a stress

concentration which induces a strain localisation. Since the SAXS signal represents

the result of an integration over the radiated area, this localisation might affect the

measured fibril strain values. During the second study, we quantified this gradual

mineralised collagen fibril recruitment based on the surface roughness of the tested
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samples. We formulated a nonlinear recruitment function that led to a very good

agreement of our developed statistical constitutive model with experimental data under

dry and rehydrated conditions (Sections 2.2, 3.2, and 3.4.7).

Based on the strain ratio and the corresponding plots (Figure 3.3) as well as the failure

mode analysis (Figure 3.5), the low strain ratios may further result from a rigid body

movement as well as transverse strains that lead to a structural displacement which

dominates the apparent deformation. This structural displacement is reflected in the

strain measurements of the constituents but not by the apparent strain measured at

the fibre level with the micro-/nanoindenter.

This explanation is accompanied by the localisation of strain and work in the failure

zone, more specifically by the localised formation of kink bands. The SEM based failure

analysis revealed that the formation of kink bands was one of the most prominent

failure modes where the compressed micropillars were considered as a unidirectional

fibril reinforced composite (see section 4.1.3). Kink bands are one of the primary failure

mechanism in unidirectional fibre reinforced composites and are characterised by a coop-

erative fibre kinking in a narrow band when fibre microbuckling occurs [182, 192, 277].

It is often associated with the anisotropy of the material [181]. The deformation localises

into the inclined bands [181, 186] and surrounding fibrils which have not undergone

failure, unload. The localised strain might then lead to the development of both a

plastic region concentrated in the failure area and an elastic region in the surroundings

as a result of stress relaxation. While the apparent strain increases, the SAXS and XRD

are influenced by the strain localisation which is one explanation for the high apparent

strain compared to the small fibril and mineral strains. In addition to localised shear

bands, localised compressive buckling is another dominant failure mode in aligned-fibre

polymeric matrix composites, followed by fibre crushing [182]. The former is associated

with a pronounced bulging in our tested micropillars, often accompanied with an axial

split [190] (Figure 3.5). As for kink bands, this leads to a plastic region within the actual

failure zone and an elastic region nearby, accompanied by a corresponding redistribution

and energy release [263]. These failure modes as well as longitudinal cracking of the

micropillar are also not picked up by the mineral and fibril strain measurements. To

justify this assumption, post-test SEM images of the failure areas and the location of

the used X-ray beam window during the SAXS and XRD measurements were used to

check that the X-ray beam covered the area where failure of the micropillar occurred.

The onset of the described kink band formation can be attributed to an initial fibril

misalignment [182] or a matrix failure [278]. In both cases, a shear component is
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triggering the onset of instability in aligned composites [183]. In our fibril reinforced

composite, this shear might originate in the extrafibrillar matrix manifested by inter-

fibrillar sliding but based on the absence of damage not as a result of an intrafibrillar

decoupling of mineral and collagen as proposed as a mechanism in macroscopic tensile

tests [142, 206, 208]. It rather supports the assumption that the failure onset can be

related to the interface between the fibril and the extrafibrillar matrix [206, 279]. We

suggest that the mineral and the collagen do not separate but the impregnation can be

split to allow the system to accommodate movement. As a result of the related mineral

particle sliding, the associated friction can serve as an explanation for the plasticity

[280] in the mineralised collagen fibres as reported for bone [281].

When the multilevel strain ratios are related to the apparent mechanical data, results

show that on average the strain ratio between the fibril and fibre levels is highest towards

the point of compressive strength and that of the mineral and fibre levels before or

around the yield point, respectively (Figures 3.3 and 3.1). Strain ratios between the

mineral phase and the apparent strain are approximately 1.4 times higher at the yield

point than at the point of compressive strength. For the calcified collagen phase, i.e.

the mineralised collagen fibrils, a corresponding factor of 1.5 was found vice versa. This

means that the contribution of the mineral phase to the apparent fibre strain decreased

from the apparent yield point towards the compressive strength and the contribution

of the calcified collagen phase increases. A direct comparison of both constitutive

phases regarding the ratio to the fibre level showed an increase in contribution between

the calcified collagen phase and the mineral phase of about 50% from the yield point

to the compressive strength though fibril strains are higher throughout, apart from

an initial toe region. The shift in the contributions of the constituents can be based

on the interaction between a phase with a high specific stiffness and strength and a

phase with ductility. In our case these are represented by the mineral nanocrystals and

the mineralised collagen composite, respectively, which allows load partitioning and

load sharing [82, 174]. Similar to the load partitioning mechanism reported by Carter

and Bourke [282] who studied the deformation behaviour of Beryllium-Aluminium

composites by means of neutron diffraction, our data show a load partitioning between

a stiff reinforcement and a ductile matrix allowing for a brittle and ductile behaviour

combination. An increasing proportion of load is being picked up by the calcified

collagen phase towards the apparent elasto-plastic transition. Lower strains placed on

the mineral phase can also lead to a greater overall deformation prior to failure, as

discussed by Gallant et al. [270] regarding the effect of raloxifene on the load transfer
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between the collagen matrix and the mineral nanocrystals. In addition, the behaviour

might result from an initial co-loaded state of both the mineral and calcified collagen

phase and an onset of mineral particle sliding which forces the calcified collagen phase to

deform to a greater extent. An increase in the fibril strain in later stages of compressive

loading has been reported on bovine plexiform bone [82]. The prolonged ductility in the

overall mechanical behaviour [282] of the fibre is accommodated by the calcified collagen

phase. The ductile behaviour complies with results from micropillar compression tests

on dry ovine bone [26]. Data, thus, indicate that the mineral particles initially prevent

the mineralised collagen fibrils to fracture before the calcified collagen phase governs

the ductile behaviour.

Different mechanical response of fibrils and mineral particles

We further saw a delayed mechanical response of the mineralised collagen fibrils compared

to the apparent behaviour with an onset of the fibril strain only detected after about

2% of apparent strain. In the mineral phase, this delayed response was not visible.

This behaviour is in contrast to findings in the literature which reports that strains in

the mineral phase rise less rapidly or equally with applied stress than in the calcified

collagen phase for both tensile testing of bovine bone and compressive loading of canine

and bovine plexiform bone [71, 79, 80, 82]. Gao et al. [155], however also state that

in bio-composites such as bone, dentine and nacre, most of the load is carried by the

mineral particles. An explanation that this toe region was found in the SAXS data

only, might be associated with the presence of mineral nanocrystals in the extrafibrillar

matrix [34, 36–38]. The XRD data revealed a direct response of the mineral nanocrystals

upon compression and since no immediate response was seen in the SAXS signal of the

mineralised collagen fibrils, the observed strain in the initial region might be attributed

to the strain in the extrafibrillar uniaxially aligned mineral nanocrystals before the

strain occurs within the fibrils themselves. Combined with the identified preferred

in-plane orientations of the fibre’s constituents, this would support the assumption that

the intra- and extrafibrillar mineral nanocrystals show a certain degree of co-alignment.

This mechanism might also have been combined with a gradual recruitment of the

fibrils upon compressive loading. We suggest that the differences to reported results

in the literature are due to the testing at the fibre level, which reduces the effect of

microporosity and which allowed us to detect the initial recruitments of the fibre’s

constitutive phases upon compressive loading.



CHAPTER 4. DISCUSSION 111

4.1.3 Failure modes and patterns

The developed classification scheme was based on considerations from failure and fracture

behaviour mechanisms identified in both non-biological fibre reinforced composites and

bone tissue. As individual mineralised collagen fibres have been investigated in this

study, the compressed structure was considered a fibril-matrix reinforced composite with

collagen fibrils embedded in an extrafibrillar matrix [63]. The failure mode and failure

pattern analysis revealed that several combinations of failure modes are present in a

single specimen with the most frequent ones being interfibrillar matrix fracture, fibril-

matrix interface failure with debonding including fibril microbuckling and pronounced

’Bulging’, kink band formation, i.e. formation of a localised shear plane (often with axial

splitting), fibril fracture with microbuckling and longitudinal cracking. The influence of

the formation of kink bands on the multilevel strain ratios was discussed in section 4.1.2.

The combined occurrences fit to findings in the literature [184] stating that different

failure mechanisms can be responsible for the global loss of stability in a fibre reinforced

composite. In addition, two micropillars, one from the XRD and SAXS group each,

showed filament based crack bridging which is discussed as a toughening mechanisms at

the micro- and nanoscale of mineralised tissue [26, 195–198] (Figure 3.5). Local shear

deformation in form of kink bands, axial splitting as well as shear cracks were reported

for micropillar compression of similar sized samples of osteonal bone [26, 67]. Additional

failure modes such as fibril microbuckling accompanied by bulging and fibril fracture

are common compressive failure modes of fibre-(and fibril-) reinforced composites and

thus also in the uniaxially aligned fibrillar architecture used in our study. Due to the

biological variability of the 11 micropillars from 10 different specimens, a statistical

distribution of the initial configuration of the micropillars regarding possible defects

and pores are to be expected which in turn lead to different failure modes for a single

loading mode. Tertuliano and Greer [66] report shearing and brittle failure for their

compression tests of nano- and micropillars. Since the reported work only included one

female donor, a smaller biological variability is to be expected. In addition, their tested

nano- and micropillars had a diameter ranging from 0.25 µm to 3.00 µm. Thus, the

maximum size were only half of the samples used in our study. A decrease in sample

size is accompanied by a smaller probability that a critical sized defect is present in the

material which in turn leads to a higher failure stress [283] and at the same time to

less diverse failure modes [155]. Furthermore, Tertuliano and Greer [66] used trabecular

bone. With respect to the mechanical properties at the fibre level, the highest mean
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apparent Young’s modulus, highest mean yield stress and highest mean strength values

were found for micropillars whose combined failure pattern included fibril fracture with

fibril microbuckling. Micropillars who showed fibril microbuckling but no fibril fracture

had the highest yield and ultimate strain but the second lowest yield stress and strength.

The lowest mean apparent Young’s modulus and lowest mean ultimate strain value were

found for micropillars whose combined failure pattern included longitudinal cracking.

4.2 A statistical constitutive model for the compressive

behaviour of a mineralised collagen fibre

4.2.1 Statistical constitutive model for a mineralised collagen fibre

Our statistical constitutive model explains the elasto-plastic behaviour of a mineralised

collagen fibre including the way its mechanical components, mineralised collagen fibrils

and mineral particles, contribute to the apparent fibre behaviour as seen in experiments

(Section 3.1). By considering a gradual recruitment of mineralised collagen fibrils, we are

able to explain small ratios between fibril and fibre as well as mineral and fibre strain as

observed in experiments which were a consequence of surface roughness. Due to this, we

can use these measurements as verification for our model, and conclude that it is indeed

able to explain stiffness values, yield strain, yield stress, an absence of damage and

the strain ratios between the mineralised collagen fibre and its mechanical components

(Figure 3.9). Compared to the micro- and nanomechanical experiments, our model

achieves an accuracy of 95%. Our model uses mechanical and structural input from two

length scales to explain how the individual constituents contribute to establishing the

apparent mechanical behaviour of the mineralised collagen fibre and how their response

is distributed. The assumption of a parallel arrangement of the mineralised collagen

fibrils was verified by fibril orientation measurements from synchrotron radiation X-ray

phase-contrast computed tomography images at nanoscale resolution. It confirms the

average uniaxial arrangement we measured based on the results of the SAXS analysis

of the dry tested micropillars in Section 3.1.2 and as reported in the literature [43, 51].

The model is able to calculate effective properties for the mineralised collagen fibrils

and the fibre while it considers the natural fluctuations in their behaviour via statistical

distributions.

Our model allows one to analyse the load sharing between components up to failure in

addition to the ability to analyse the apparent elasto-plastic behaviour of the mineralised



CHAPTER 4. DISCUSSION 113

collagen fibre. This can not be achieved by continuum micromechanical approaches

[17, 63, 140, 143]. The high agreement of our model with our experiments was also

achieved by representing the natural fluctuation of mechanical and structural properties

via the statistics of rheological elements. So far, statistical constitutive models were

used successfully to explain cortical bone behaviour at the extracellular matrix level

including an upscaling to the macroscopic tissue response [26, 147]. In our study, we

were able to downscale this approach and apply it to the compressive behaviour of a

single mineralised collagen fibre. Considering the independently reported transition

between the bone extracellular matrix to the millimetre level, we extend this in a

complementary manner to simulate the mechanical behaviour from the mineralised

collagen fibril up to the millimetre length scale. We consider the model with the

mineralised collagen fibril recruitment verified due to its good fit with the experiment.

Both model responses are solely based on considering this nonlinear recruitment while

the rest of the model input parameters stayed the same. Thus, with the non-recruitment

model we can now exclude the experimental error and the effect that it had on the

measurements. Thus, the model version without the gradual fibril recruitment enables

us to simulate how the mineralised collagen fibre would perform under different loading

conditions. Nevertheless, if we consider the reported waviness of bone fibrils [67], the

mineralised collagen fibril recruitment might not be exclusively due to the boundary

effect of the sample surface roughness but an inherent statistical property of the wavy

bone extracellular matrix. It would then be possible that it represents an intrinsic

property of biological tissue with short range order resulting from loading along various

directions during manufacturing. Independent studies also reported small fibril strains

in comparison to the macroscopic tissue response both in tension [71, 79, 276] and

compression [100], analysed in the linear-elastic region. Millimetre sized bone samples

were tested. The fibril strain is reported to take up around 40-50% of the apparent

strain. Dissipation mechanisms in the extrafibrillar matrix including shear stress and the

rupturing of sacrificial bonds as well as stretching of hidden lengths were discussed to

explain the small strains [37, 71, 79, 207, 209, 276]. Our experiments and the identified

surface roughness artefact highlight that interfaces such as microcracks may lead to

mineralised collagen fibrils not being loaded so that those fibrils are not providing signal

during the SAXS measurements. The interface of the flat punch and the micropillar can

be understood as one microcrack that is closing. The heterogeneous fibril deformation

due to the gradual fibril recruitment indicates that only a fraction of the fibrils within

the fibre is loaded instantaneously upon compression so that the load is not distributed
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equally to the structure. Combined with the statistical behaviour of the mechanical

properties, this heterogeneous fibril deformation adds an additional explanation to the

small strain ratios as reported in the literature [71, 79, 100, 276] where various energy

dissipation mechanisms are discussed to explain the difference between the tissue level

and micro- and nanoscale. The nonlinear mineralised collagen fibril recruitment that

we identified in our study has similarities to the fibril uncrimping, normally reported

for tendons under tensile load [284–287, 287–296] and used in rheological models. This

geometrical and structural effect has been shown to have an influence on the mechanical

tissue behaviour [294, 297–300].

We based our model input parameters on results from nanoscale imaging to quantify

the structural setup of the fibril array. Compared to mean field modelling techniques

[17, 63, 140, 143], we consider the natural variability of model input parameters via

statistical distributions, motivated by experiments at the level of the mineralised collagen

fibre (Section 3.1). Our model allows it to investigate the influence of the amount of

natural fluctuations on the mechanical performance of the fibre and its components. A

smaller natural variability led to higher accumulated plastic strains and a more abrupt

failure of rheological elements (Figure 4.1a). The latter is expected based on the smaller

variation of model input parameters, but does not represent the fibre behaviour as

reported in our experiments (Section 3.1). A small variability furthermore did not give

an agreement with respect to the experimental strain ratios at the yield point. An

increase of the standard deviation towards 30% showed that the rheological elements

have either not been recruited or have failed already. Compared to the results with a

smaller standard deviation, there were no loading steps with a full fibril recruitment and

at the same time without failed fibrils. An increase of variability leads to an increasing

softening as well as a decrease in ultimate strain in the fibre stress-strain curve (Figure

4.1a). Compared to the influence of a direct change of the ultimate values (Figure 4.1b),

the unloading moduli are constant which is in agreement with experiments (Section 3.1).

Thus, a natural variability between 10-15% seems to be present in the micropillars. In

comparison, a smaller ultimate strain leads to an earlier complete failure of the model

shortly after reaching a strength of 0.181 GPa. For an ultimate strain of 0.15, no failure

occurs since the ultimate strain is set higher than the maximum apparent strain in the

loading scheme (Figure 4.1b). For ultimate strain values of 0.04 and 0.06, the fibre

shows a distinct softening and a decrease in the unloading moduli. A change of this

model parameter leads to a disagreement with experiments (Section 3.1). The natural

variability, thus, seems to be more suitable to explain different ultimate strains.
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The extension of the statistics of our model with two classical shear lag models captures

the internal staggered arrangement within a fibre and the resulting stress transfer

between the components which can not be considered with continuum micromechanics

[17, 63, 140, 143]. Major differences and benefits to other shear lag models for mineralised

tissues (e.g. [142]) are the statistical input parameters in order to consider natural

variability, the direct information from experiments at the fibre and fibril level and

the output of strain ratio distributions between the mineralised collagen fibril and

mineralised collagen fibre as well as the mineral particles and the apparent mineralised

collagen fibre. The mean value of these simulated distributions, thus, directly correspond

to the values measured experimentally in in-situ mechanical testing and SAXS and XRD

measurements as seen in our study (Section 3.1) and as reported in the literature [69–

71, 81, 88]. During compression and tension, the changes in SAXS and XRD patterns

allow it to determine the fibril and mineral strains within an X-ray beam window. As a

consequence, resulting values represent deformation values averaged over all mineralised

collagen fibrils and mineral particles illuminated by the X-ray beam. The measured

overall fibril strain might then be the result of mineralised collagen fibrils showing very

large and very small strains or even no strain at all, e.g. due to strain localisation in a

failure zone. As a result, strain ratios with respect to the apparent tissue behaviour are

influenced by that. The model can simulate the heterogeneous fibril deformation as seen

in the experiments by using statistical distributions for the model input parameters and

by calculating distributions for the mechanical responses. Thus, the histograms for the

strain ratios in Figures 3.9c,d and Figures 3.8c,d directly display the heterogeneous fibril

and mineral deformations during experimental testing. So far, this has not been shown

by other models at this length scale. The agreement of the recruitment model with

the mean value of these strain ratio distributions (Figures 3.8 and 3.9), assumes that

we dealt with a heterogeneous deformation of mineralised collagen fibrils and mineral

particles during our experiments and that experimental strain ratios (Section 3.1) most

likely underestimated the strain taken up by the mineralised collagen fibrils. This

experimental bias is similar to the experimentally induced under- or overestimation of

the Young’s modulus of trabecular bone during compressive loading due to end artefacts

[301]. Our SAXS/XRD measurements gave us a mean value for fibril and mineral strain

but no distribution within the X-ray beam window. An experimental validation of these

distributions may be accessible by means of volumetric SAXS measurements [302, 303],

which were, however, not applicable to our loading protocol.
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4.2.2 Model generalisation towards bone extracellular matrix

The fibril diameter of 224 ± 23 nm is in agreement with reported values for mineralised

tendons for which diameters up to 300 nm were reported [20, 49, 304]. It is a factor of

about 2.2 larger than the mean values reported for bone [20]. In part, this is connected

to the fact that the naturally mineralised tendon tissue is tailored towards tension. A

positive correlation between the ultimate tensile strength and the mass-average diameter

of the constituent collagen fibrils exists [52] and their diameter is reported to be largest

for tissues with the highest tensile loads [53]. We calculated a mean tissue density of a

mineralised collagen fibre of 1.64 ± 0.16 g/cm3 which is smaller than the value of 1.90

± 0.07 g/cm3 [105] reported for the extracellular matrix of human cortical bone. The

higher mineralisation [22, 305, 306] and the different mineralised collagen fibril diameter

are influential parameters in explaining the 45% higher stiffness [26, 27] and 67% higher

yield stress reported for micropillar compression tests of bone extracellular matrix [26].

Therefore, we increased the mineralisation in our model by 16% which led to an increase

of the apparent stiffness from 15.81 GPa to 18.41 GPa. For the simulated mineralised

collagen fibre we got a yield stress of 0.19 GPa and a compressive strength of 0.22 GPa

(Figure 4.1c). An increase of the number of mineralised collagen fibrils due to the smaller

diameter, would increase the total stress in the parallel model arrangement. Thus, the

higher mineralisation was combined with a smaller fibril diameter by calculating the

mineralised collagen fibre stiffness while considering a factor of 0.45 for the number of

mineralised collagen fibrils. This led to an apparent stiffness value of 35.87 GPa which

agrees with values for bone within the standard deviation [26]. Our model outputs a fibre

with a yield stress of 0.38 GPa and a compressive strength of 0.44 GPa (Figure 4.1c).

The yield stress is in agreement with values reported for bone at the extracellular matrix

level within the standard deviation (0.49 ± 0.1 GPa) [26], but not the compressive

strength. A sole decrease of the fibril diameter increased the apparent stiffness from

15.81 GPa to 31.08 GPa which compares well with 31.16 ± 6.46 GPa and 29.09 ± 2.39

GPa measured in micropillar compression tests of bone extracellular matrix [26, 27].

The results showed that the mineralised collagen fibre had a compressive strength of

0.38 GPa and a yield stress of 0.32 GPa.

Based on the smaller diameter and its potential influence on the interaction between

the mineralised collagen fibrils and extrafibrillar matrix, we changed the hardening

behaviour by increasing the hardening modulus. This was also motivated by stress-

strain curves reported for bone extracellular matrix [26, 27]. When we reduce the
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fibril diameter, we effectively increase the surface area per unit mass of the mineralised

collagen fibrils which makes it more likely that interfibrillar non-covalent crosslinks exist

between the mineralised collagen fibrils and the matrix components [52]. Combined

with an increased number or mineralised collagen fibrils, we assume that it is more

difficult for them to fail within the extrafibrillar matrix which also leads to another

hardening behaviour. When we combine the higher mineralisation and smaller fibril

diameter with a higher hardening modulus, we get a compressive strength of up to 0.75

GPa and yield stress up to 0.41 GPa (Figure 4.1d). A gradual increase of the hardening

modulus explains the strength values for bone from two independent studies (0.65 ±
0.02 GPa [27] and 0.75 ± 0.06 GPa [26]). The higher compressive strength values can

also be a result of a higher yield strain value in the extrafibrillar matrix (Figure 4.1e).

Increasing its value by a factor of 1.7 led to a compressive strength of 0.74 GPa in both

the recruitment and non-recruitment model. Initial apparent stiffness from the shear

lag model was again 35.87 GPa. The yield point is again only in agreement when we

consider the fibril recruitment. The yield values used in our model directly resulted

from literature values and our own experiments combined with the parallel arrangement

of the model elements. Along with the higher probability of interfibrillar non-covalent

crosslinks between the mineralised collagen fibrils and the matrix components due to

the smaller fibril diameter in bone [52], we assume that a different hardening behaviour

is more likely to explain differences in strength.

Raw data from monotonic micropillar compression tests of bone extracellular matrix

[26] were available for a direct comparison with our results. We used two sets of model

parameters for the model of higher mineralisation, smaller mineralised collagen fibril

diameter and a 75% lower surface roughness for the recruitment of the mineralised

collagen fibrils. In the first run, we combined it with a higher hardening modulus (factor

2.5·103) and double the natural variability (std = 30%) (Figure 4.1f), and in the second

with a 73% higher extrafibrillar matrix yield strain. For the first variation, we get an

apparent stiffness of 34.50 GPa, for the second variation 36.22 GPa. On average, using

a higher natural variability resulted in a lower apparent stiffness from the shear lag

model. For both parameter sets, the fibre shows a compressive strength of 0.75 GPa

which agrees with bone extracellular matrix data [26]. Nevertheless, we used a linear

hardening in our model due to the simplicity. A nonlinear hardening might be more

suitable to generalise the model even further.

The model generalisation towards independent studies of bone extracellular matrix

showed that it is applicable for the micromechanics of other mineralised tissues.
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Figure 4.1: Generalisation of the model and influence of model input parameters (Table 2.1)
on the mechanical behaviour of a mineralised collagen fibre. (a) Influence of natural variability.
15% was used as a base value in our study. We also considered other literature values [26, 147]
next to a very small and very large variability. (b) Influence of ultimate strain values. 0.09 was
used as a base value in the study. (c) Influence of mineralisation ρ and mineralised collagen
fibril diameter d. The changes were based on literature values for cortical bone [20, 105]. (d)
Influence of different hardening moduli combined with a higher mineralisation and smaller
fibril diameter. Stress-strain curves are presented for χmc = 36.72 GPa and χe f = 0.0050 GPa
(grey), χmc = 20.40 GPa and χe f = 0.0028 GPa (red) and χmc = 10.20 GPa and χe f = 0.0014
GPa (blue). (e) Influence of a 70% higher extrafibrillar yield strain value. (f) Overlay with
micropillar compression data of bone extracellular matrix (grey) [26]. The model was run
with 16% higher mineralisation, 55% smaller fibril diameter and 75% lower surface roughness
combined with a 73% higher extrafibrillar matrix yield strain (black), a higher hardening
modulus (factor 1.8*103) as well as double the natural variability (std = 30%) (blue).
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4.3 The quasi-physiologic compressive behaviour of a

mineralised collagen fibre at the micro- and nanoscale

4.3.1 Apparent mechanical behaviour of mineralised collagen fibres and

the effect of hydration

The mean apparent fibre Young’s modulus is around 50% lower than wet microin-

dentation moduli reported for mineralised turkey leg tendon [261]. Differences might

be related to the fact that the microindentation inprints were done on an array of

mineralised collagen fibres also covering the space in between the fibres. The hydration

effect on these porosities and the corresponding deformation and energy dissipation

mechanisms might result in different stiffness values compared to our results. For our

dry experiments we saw a good agreement between the Young’s modulus from the

micropillar experiments and nanoindentation results [261]. No corresponding results

for nanoindentation under wet conditions were given by the authors. Compared to

micropillar compression tests of rehydrated ovine cortical bone extracellular matrix [67],

the Young’s modulus, the yield stress and the compressive strength are about four times

lower. Differences might be due to the lower degree of mineralisation that we found in

our micropillar samples (Section 3.3.1) compared to bone [105]. The generalisation of our

statistical constitutive model towards bone extracellular matrix (Section 4.2.2) showed

that a higher degree of mineralisation can explain the higher compressive strength in

bone micropillars under dry conditions.

For the elastic behaviour of the fibre we found that the influence of hydration led to

a decrease of stiffness between 60% and 70% compared to our experiments on dry

tested micropillar samples of the same material. These values are in line with the 65%

reduction in the microscale yield properties reported for micropillar compression tests

of ovine bone extracellular matrix [67]. Compared to wet and dry microindentation

results, these values are higher where a reduction of 20-40% in the elastic modulus is

reported for rehydrated ovine bone [67], 30% for rehydrated trabecular bone [97] and

6% for rehydrated mineralised turkey leg tendon [261]. Further, a stiffness reduction

between 25% and 35% is reported for trabecular bone [97]. Compressive tests on human

femur 3 mm x 5 mm samples showed a decrease in the elastic modulus of around

40%. In tension this was shown to be around 25% [98]. For rehydrated bovine bone

samples of 50 µm x 150 µm x 3 mm tested in tension, a decrease of around 20% was

reported [79]. In the plastic region the hydration resulted in an 67% and 75 % decrease

of the compressive strength. These values are comparable to the 75% decrease in the
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compressive strength reported for micropillar compression of rehydrated ovine bone

extracellular matrix [67]. The slightly lower mean value might be related to the fact that

measurements of the dry bone micropillar compression tests used for the comparison

with wet testing results were done under vacuum conditions and not under ambient

conditions. Tests on human femur 3 mm x 5 mm samples showed a decrease in the

compressive strength of around 55% and 30% for the ultimate stress in tension [98]. The

differences to the macroscopic samples are likely to be related to the effect of hydration

on additional interfaces when testing samples above the microscale.

4.3.2 Multiscale mechanical behaviour of rehydrated mineralised collagen

fibres and influence of hydration

Compared to macroscopic millimetre sized bone samples in tension [79] and compression

[98], the strain ratios are four to five times lower between the mineralised collagen fibrils

and the apparent tissue level and four to eight times between the mineral particles and

the apparent tissue level. Our strain ratio between the mineral particles and mineralised

collagen fibrils of 0.40 is closer to both the value of 0.34 found in tension [79] and of

0.57 found in compression [98]. This might be a result of the testing at different length

scales where interfaces in the millimetre sized samples [79, 98] have a more pronounced

effect on the measured ratio between the fibrils and the apparent tissue behaviour

than for the mineral particles. In our dry experiments, we saw that differences to

macroscopic samples might be related to scale and structural size effects for the tissue’s

mechanical properties as reported in the literature [65, 262–265] and to a higher fraction

of interfacial volume [175].

Interestingly, the effect of hydration on the mechanical interaction of the mineralised

collagen fibres and its mechanical components, showed a decrease of 60% for both the

strain ratio between the mineralised collagen fibrils and the mineralised collagen fibre

and the mineral particles and the mineralised collagen fibre. This lack of difference

might support the suggestion that water is playing an important role in the mediation

of mineral-organic matrix interactions [94, 95]. This means that considerable less

strain is taken up by the fibrils and mineral particles when they are compressed in

a quasi-physiologic environment. Since the effect of hydration is nearly the same for

the fibrils and the mineral particles the strain ratio between both components stayed

constant with around 60% more strain measured for the mineralised collagen fibrils. The

decrease of mineral particles strain might be related to the water occupying vacancies

in carbonated apatite crystals [94], the type of nanocrystals seen in mineralised turkey
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leg tendon and bone. Carbonated hydroxyapatite in mineralised tissue show impurities

and a non perfect crystalline structure [20, 63, 154, 272] and water supposedly has a

stabilising effect within the vacancies of the defect-containing crystals [94]. This, in

turn, leads to a lower axial mineral strain during the compression of the mineralised

collagen fibre. The effect of water on the mineralised collagen fibrils strain might be

related to both a reduction of the collagen molecule stiffness and a higher mobility of

the fibrils within the glue layer of the extrafibrillar matrix as a result of a watery film

around the fibrils. The smaller fibril strains indicate that the interfibrillar gliding due

the watery layer has a more pronounced effect. This watery layer might reduce the

binding interactions between fibrils and matrix leading to a higher mobility of the fibrils

within the extrafibrillar matrix. As a result, a higher amount of energy is dissipated

extrafibrillar in the fibril-matrix interactions. The increased mobility might further lead

to a rigid body movement of the mineralised collagen fibrils within the extrafibrillar

matrix which in turn results in smaller axial fibril strains.

Compared to millimetre sized samples compressed under hydrated conditions, our

reduction of the strain ratio between the fibrils and the tissue level is a factor of 1.7

higher [98]. For tensile testing of macroscopic samples no difference between wet and

dry conditions regarding the strain ratios between mineralised collagen fibrils and the

apparent tissue behaviour was reported [79] with only 6% reported in another study

[98]. For the strain ratio between the mineral particles and the tissue level [79] reported

a decrease of 33% showing that the influence of hydration is more pronounced on the

mineral particles than the mineralised collagen fibrils. The same was found during

both tensile and compressive loading [98] where the effect was more pronounced during

tension. In compression [98], hydration led to a decrease in the mineral to tissue strain

ratio of around 40% which is still less than the value in our study. Nevertheless, the

effect of hydration on the mineral-to-fibril strain ratio was shown to be only 10% higher

for the mineralised collagen fibrils.

When we compare the effect of hydration on macroscopic samples and our mineralised

collagen fibre micropillars, the effect of hydration has a similar effect on the mineral

particles whereas the effect is much more pronounced on the mineralised collagen fibrils.

We found relative ratios of strain taken up by the fibre:fibril:mineral levels of around

53:5:2. In our dry tested micropillars, these relative ratios were 22:5:2. It indicates

that the hydration has a more pronounced influence on the interaction between the

mineralised collagen fibrils embedded in the extrafibrillar matrix compared to the

intrafibrillar mechanical interaction. It also suggests that extrafibrillar energy dissipation
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mechanisms such as interfibrillar sliding, shear deformation and friction of the matrix

glue layer [37, 207–209] are more subject to change during rehydration compared to

intrafibrillar mechanisms such as shear strain between the collagen molecules and

mineral particles, stress transfer between adjacent mineral particles and intrafibrillar

sliding [71, 142, 206].

4.3.3 Simulated micro- and nanomechanical behaviour of a mineralised

collagen fibre under quasi-physiologic conditions

Our statistical constitutive model can be used to account for the hydration effects on

the micro- and nanoscale behaviour of a mineralised collagen fibre. It explains the

rehydrated mineralised collagen fibre behaviour as seen in experiments including the

coupling with its main mechanical components. Model input parameters were based on

our experiments as well as literature values with respect to wet tissue properties.

By reducing the collagen stiffness and the experimentally found yield strain as a result

of hydration, we see a decrease in the apparent mechanical properties of the mineralised

collagen fibre including Young’s modulus, yield stress and compressive strength. This

reduction is in very good agreement with our experimental results. The model also

explains the fibril-to-fibre strain ratio in the elastic region as found experimentally.

A decrease of the mineralised collagen fibril stiffness of around 25% led to a reduced

apparent fibre stiffness of more than half the value under dry conditions. This decrease

in the fibril Young’s modulus agrees with the 15-33% decrease found in molecular

dynamics simulations that investigated the effects of hydration on the collagen fibrils

deformation mechanisms [99]. The range was due to different water contents being

simulated. Our simulation results indicate that the extrafibrillar matrix is more affected

by the hydration leading to a reduction of the overall stiffness. This would support

the assumption that the mineralised collagen fibrils show a higher mobility in the

extrafibrillar matrix when hydrated as a result of a watery layer [99] around them and

a softer swelled up matrix environment [256]. This leads to rigid body movements and

to a lower strain of fibrils measurable in the axial direction. The watery layer around

fibrils also affects the mineral particles. We saw that the mineral strain decreases when

tested under wet conditions when comparing to the apparent fibre deformation. The

model outcome showed a higher reduction in the mineral-to-fibre strain ratio compared

to experiments. For an agreement with experimental values, we would need to decrease

the mineral particle stiffness which disagrees with the experimentally found reduction

of the mineral strains and our argument that water is stabilising the vacancies in the
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defect-containing carbonated hydroxyapatite crystals. Since the numerical results show

a very good agreement for the fibril-to-fibre strain ratio, it assumes that this effect

can not be captured by our model. From a physical point of view, this disagreement

might be based on the watery layer around the mineral particles leading to a rigid body

movement as discussed for the mineralised collagen fibrils. It supports the argument that

energy is dissipated through mineral particle gliding [71, 142, 206]. Considering that

the intrafibrillar mineral particles are bound in the gap zones of the collagen molecules

arrangement [33, 74–77], this effect might primarily affect the mineral particles in

the extrafibrillar matrix. Thus, hydration supposedly leads to a combined effect of

stabilising the mineral nanocrystals internally while leading to an externally induced

increased rigid body movement outside the axial crystal direction. Since the model can

not capture the effect of a watery layer, this disagreement between the numerical and

experimental results, assumes that the external effect of hydration and higher mobility

might dominate the stabilising internal effect of hydration on the mineral nanocrystals

during the compression of a mineralised collagen fibre under quasi-physiologic conditions.

This indicates that interfibrillar gliding mechanisms are more pronounced in rehydrated

testing than those reported intrafibrillar, especially regarding the mineral particles

[71, 142, 206]. This also means that the mineralised collagen fibrils rather move past

each other than being deformed along their longitudinal direction.

4.3.4 Failure mode analysis

For the rehydrated mineralised collagen fibres, the majority of the micropillars failed

by mushrooming in combination with either mineralised collagen fibril microbuckling

or fracture. In most cases, an interface failure between the mineralised collagen fibril

and extrafibrillar matrix was also observed. Further axial splitting occurred. The dry

samples showed the formation of kink bands which led to a localised shear deformation.

Axial splitting and localised shear deformation were reported for rehydrated micropillars

of ovine bone extracellular matrix [67]. Mushrooming, axial splitting and localised shear

deformation were further reported as failure modes for dry tested micropillars of the

same material [26]. The lack of finding kink bands in our wet tested micropillars might

be related to the continuous uniaxial arrangement of the fibrils within our mineralised

collagen fibre micropillars compared to the axial deviation of fibril orientation in the

extracellular matrix bone samples [67]. Considering that we found kink bands in dry

tested samples from the same material (Section 3.1.3), differences in the fibril orientation

might have a more pronounced effect on the failure modes under rehydrated conditions.
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4.3.5 Rehydration set-up for combined micropillar compression and

SAXS/XRD

The low humidity in the experimental hutch at the ESRF led to an accelerated drying of

the samples which was visible in the stress-strain data by an increase in the stress values

and the unloading moduli. Thus, the stress-strain data was limited to the region before

the mechanical properties displayed the effect of the drying effect. Four samples needed

to be excluded from the analysis due to a rehydration artefact visible in the stress-strain

data and the post-test SEM analysis. For these four samples, the rehydration washed

up material at the base of the micropillar as well as around it acting as a coating. The

first mechanism led to very high mechanical properties compared to the rest of the

wet as well as dry tested samples including compressive strength and stiffness. The

second mechanism restricted the complete disintegration of the micropillar preventing

fibril-matrix interface failure and fibril breakage to develop further based on the features

identified in the SEM analysis. In the stress-strain curve, this was visible by several

regions where the stiffness values were levelling off and increased towards the next

region. Both mechanisms led to a stabilisation of the micropillars. In combination with

the drying effect, this rehydration artefact increased the mechanical properties at the

micro- and nanoscale.

Our rehydration set-up was developed to allow for a simultaneous micropillar compression

and SAXS/XRD experiment where a portable micro-/nanoindenter was integrated into

the experimental set-up of the beamline. The challenges in the rehydration set-up,

however, suggest that the use of a climate and humidity chamber is a better option to

circumvent the influence of the conditions present in the experimental hutch during

testing.

4.4 Limitations of the study

Exposure times for both SAXS and XRD measurements were chosen to be short in order

to avoid the influence of irradiation on the tissue’s mechanical behaviour but long enough

to provide a reasonable signal for the data analysis. In addition, short exposure times

were necessary to minimise the influence of any scattering signal from the diamond flat

punch. The relaxation tests revealed no change in the relaxation characteristic for the

SAXS regime. Although the irradiation test in the XRD regime showed a non-negligible

change in the relaxation characteristic when all 120 X-ray acquisitions were delivered

without an intermediate time-step (due to an operator error), the decrease in load
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of about 0.7 mN to 0.75 mN during the relaxation test was found to be comparable

in both the SAXS and the XRD regime. Furthermore, the mechanical properties in

the elastic and plastic regions at the fibre level were not significantly different in both

regimes and no impact of the X-ray beam on the apparent mechanical behaviour was

detectable based on the continuously recorded load and displacement data during the

X-ray acquisitions including the analysis of the corresponding stress-strain curves of the

compression tests. In addition, we found an absence of damage based on the stiffness

evolution so that a deterioration of the material by the beam can be ruled out. Details

of the corresponding methods and results can be found in Sections 2.1.6 and 3.1.5.

Mineralised turkey leg tendon has been used extensively as a model system for bone in

the last decades, mainly due to both the uniaxial fibre arrangement and the identical

hierarchical organisation at the level of the mineralised collagen fibre [33, 35, 43, 44, 46–

48] (Section 1.2). Nevertheless, mineralised turkey leg tendon is not strictly bone tissue

and the naturally mineralised tendon tissue is tailored towards tensile not compressive

loads. However, at the level of the mineralised collagen fibre, the experimental findings

give valuable input for numerical models, especially regarding the load sharing between

the constituents of the fibre and possible insights into the onset of interface failures of

this fundamental microscale mechanical building block of bone.

Possible effects of the dissection and ultra-milling steps during the preparation of

the micropillars were assessed by checking the top and side surfaces of the tendon

pieces via optical microscopy (Leica Microsystems, Germany). The influence of the

ultra-short pulsed laser ablation was assessed via optical microscopy (Alicona Infinite

Focus, Austria), Raman microscopy (Sections 2.3.2 and 3.3.2) and EDX/EDS (Sections

2.3.3 and 3.3.3) where no influence was found. A possible effect of the Gallium ion

implantation during the FIB milling was quantified by Monte Carlo simulations (Sections

2.1.5 and 3.1.4), Raman microscopy (Sections 2.3.2 and 3.3.2) and EDX/EDS (Sections

2.3.3 and 3.3.3) which showed no influence of this final preparation step.



5 Conclusions

In the following, we split the conclusion into three parts according to the three research

questions and related studies outlined in Section 1.8. An overall summary of the thesis

is presented in Chapter 6.

5.1 The micro- and nanomechanical compressive behaviour of

mineralised collagen fibres

We successfully performed simultaneous micro- and nanomechanical testing of mi-

cropillars extracted from individual mineralised collagen fibres by means of combined

micropillar compression and SAXS and XRD measurements. An extraction of the

compressive mechanical behaviour of individual mineralised collagen fibres at the micro-

and nanoscale was possible and accompanied by a SEM based failure analysis. Micro-

and nanomechanical data could be directly related to the mechanical behaviour and

load sharing of the mineralised collagen fibre and its constitutive phases, the mineralised

collagen fibrils and the mineral nanocrystals, of a model system for bone.

The comparison between the mineralised collagen fibrils and the mineral particles strains

with the apparent mineralised collagen fibre behaviour revealed that only small fractions

of the overall strain is taken up by the constitutive phases. The small strain ratios might

be associated with shear deformation and energy dissipation at the interfaces or due to a

very compliant extrafibrillar matrix that takes up a substantial amount of deformation.

The latter would support the assumption that a higher fraction of minerals particles

can be found intrafibrillar. Small strains might further be related to the localisation

of strain within the mineralised collagen fibre as a result of kink band formations and

localised shear planes. Furthermore, a gradual fibril recruitment is discussed that lead to

a heterogeneous fibril deformation. The contributions of the fibrils and mineral particles

to the apparent fibre behaviour had their maxima at different stages of compressive

loading which indicates a load transfer from the mineral particles to the fibrils towards

the plastic region, also allowing a ductile behaviour. A delayed mechanical response of

the mineralised collagen fibrils compared to the mineral particles points towards the
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deformation of uniaxially aligned mineral nanocrystals in the extrafibrillar matrix that

precedes the deformation of the mineralised collagen fibrils.

The presented data for a model system of bone with a well-controlled fibrillar architec-

ture demonstrated the importance and the benefits when testing mineralised tissues at

the length scale of their fundamental mechanical building block which gave new insights

into the elasto-plastic behaviour at the level of the mineralised collagen fibre.

5.2 A statistical constitutive model for the compressive

behaviour of a mineralised collagen fibre

We developed a model that explains the elasto-plastic behaviour of a mineralised collagen

fibre. The development was based on experimental data at the micro- and nanoscale to

explain how the mechanical components of the fibre (mineralised collagen fibrils and

mineral particles) contribute to establish the apparent fibre behaviour. We represented

the natural fluctuations of the mineralised collagen fibril behaviour via statistical dis-

tributions and achieved very good agreement with experiments. We embedded two

classical shear lag models to simulate the intrafibrillar interaction between the mineral

and collagen as well as the mineralised collagen fibril interaction within the extrafibrillar

matrix. We combined these shear lag models with the statistics which allowed it to

simulate distributions for the mechanical responses at the micro- and nanoscale. This

includes the distribution of strain ratios between the mineralised collagen fibre and its

mechanical components. The mean value of these distributions, thus, directly represent

the results for strain ratios measured experimentally in in-situ mechanical testing and

SAXS/XRD experiments where the fibril and mineral strains are compared to the

apparent tissue behaviour. To account for an experimental artefact, we included a

gradual and nonlinear fibril recruitment in our model. Combined with the statistics,

this showed us that small experimental strains found for mineralised collagen fibrils

in comparison to an apparent tissue behaviour are a result of heterogeneous fibril

deformations. Based on the reported waviness of fibrils in other mineralised tissues

such as bone, this fibril recruitment might not be exclusively due to the boundary effect

of the sample surface roughness but an inherent statistical property of the wavy bone

extracellular matrix. It would then represent an intrinsic property of biological tissues.

Together with the natural fluctuations of the mechanical properties this provides an

explanation for the small strain ratios independently reported in the literature since it

influences the strains measured at the different hierarchical levels.
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Our material model for the mineralised collagen fibre bridges the gap between the

micrometre and nanometre length scale, explaining the nonlinear mechanical behaviour

of bone’s fundamental microscale mechanical building block. By calculating average

collagen molecule deformations, we may further be able to connect continuum mi-

cromechanics [17, 63, 138–140] and molecular dynamics approaches [99, 307–309]. We

complement other statistical models that simulate the scale transition between the

micro- and the macroscale. Our findings, thus, add an important contribution to

combine models at different hierarchical levels of bone and to simulate its elasto-plastic

behaviour from the molecular up to the macroscopic length scale.

5.3 The quasi-physiologic compressive behaviour of a

mineralised collagen fibre at the micro- and nanoscale

We developed a testing protocol that allowed us to quantify the micro- and nanome-

chanical behaviour of mineralised collagen fibres under quasi-physiologic conditions. We

further applied our statistical constitutive model to identify the effect of hydration on

the mechanical properties of a mineralised collagen fibre and the load transfer to and

between its main mechanical components.

Hydration had a stronger effect on the apparent fibre stress than on the strain values.

We saw a higher reduction compared to macroscopic testing which indicates that inter-

faces between hierarchical levels influence the way water affects the material properties.

Hydration reduced the fibril-to-fibre and mineral-to-fibre strain ratios by a factor of more

than two with the same effect for mineralised collagen fibrils and mineral particles which

suggests a mediating role of water for mineral-organic matrix interactions. The decrease

in strain ratios showed that water has a more pronounced effect on the extrafibrillar

than on the intrafibrillar deformation mechanisms. Smaller fibril strains might result

from a rigid body movement of fibrils within the extrafibrillar matrix due to a watery

layer coating the fibrils which leads to a higher mobility within the fibril-matrix network.

This mechanism might also lead to a higher amount of energy being dissipated into

the extrafibrillar matrix. Numerical and experimental results point towards two effects

that water has on the mechanical behaviour of the mineral particles during compression.

Water stabilises the nanocrystals by filling vacancies while a watery film around the

crystals lead to a higher mobility. Numerical results showed that apparent yield stress,

compressive strength and stiffness values are reduced when we reduce collagen molecule

stiffness as well as the experimentally determined yield strain. Good agreement with
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experiments was found when we consider the gradual nonlinear fibril recruitment and

the natural fluctuations in the mechanical properties.

Our findings closes a gap in providing data on the compressive behaviour of single

mineralised collagen fibres under quasi-physiologic conditions. It complements experi-

mental and numerical results presented for mineralised collagen fibres tested under dry

conditions. Since the hydration has a significant effect on the micro- and nanomechanical

properties of mineralised tissue, the presented data add to the understanding of the

elasto-plastic behaviour of bone’s fundamental mechanical unit at the microscale includ-

ing the mechanical interplay with its main mechanical components at the nanoscale.



6 Summary

Musculoskeletal diseases such as osteoporosis, osteoarthritis and bone cancer pose a

significant socio-economic challenge for health care systems worldwide. Patients suffer

from a loss of mobility, a decreased quality of life and an increased mortality. The preva-

lence of these diseases will increase in ageing societies and there is a need for improved

diagnoses, the manufacturing of custom implants and the monitoring in personalised

medicine schemes. Computational models could be a cornerstone in digital healthcare

to address these challenges and to achieve these goals. Since bone is organised along

multiple length scales, these models strongly depend on understanding its complex

characteristics as a material at its different hierarchical levels. Currently, there is limited

knowledge on the elasto-plastic behaviour of bone’s fundamental mechanical building

block at the microscale, the mineralised collagen fibre. This includes the understanding

on how load is transferred between and to its main mechanical components at the

nanoscale, the mineralised collagen fibrils and mineral particles.

Therefore, the aim of this thesis was to unravel the micro- and nanomechanics of

mineralised collagen fibre elasto-plasticity by means of experimental and numerical

methods. For this, three research questions were formulated.

First, can we extract micropillars from single mineralised collagen fibres and test them

in a combined experimental set-up of micropillar compression and small angle X-ray

scattering (SAXS) and X-ray diffraction (XRD)? Second, can we formulate an analytical

and numerical model for the compressive behaviour of a mineralised collagen fibre

including the load transfer to and between fibrils and mineral particles? Third, can we

extend the combined experimental approach to test mineralised collagen fibres under

quasi-physiologic conditions and use the constitutive model to explain their behaviour

and the influence of hydration on their micro- and nanomechanics?

In this thesis, an in-situ micro- and nanomechanical testing protocol for individual

mineralised collagen fibres was developed that allowed it to simultaneously quantify

the compressive behaviour of the mineralised collagen fibre, mineralised collagen fibrils

and mineral particles. We used a model system for bone, the mineralised turkey leg

tendon which has the advantage of a uniaxial fibre arrangement while showing the same
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structural set-up as bone at the mineralised collagen fibre length scale. Micropillars

from individual mineralised collagen fibres were extracted based on a novel preparation

protocol combining dissection, ultramilling, ultra-short pulsed laser ablation and focused

ion beam milling. We combined micropillar compression and SAXS/XRD to test the

mineralised collagen fibre micropillars in-situ and were able to extract the elasto-plastic

deformation behaviour of a well-controlled fibrillar architecture under compressive

loading. Very small strains were found for the mineralised collagen fibrils and mineral

particles compared to the apparent tissue deformation. The mineral-to-fibre strain ratios

showed the highest values around the apparent yield point, the fibril-to-fibre strain

ratios around the apparent strength which identifies how load is transferred between

the mechanical constituents when a mineralised collage fibre is compressed. Contrary

to the mineral particles, the mineralised collagen fibrils showed a delayed mechanical

response which points to mineral particles deformations in the extrafibrillar matrix

preceding the mineralised collagen fibril deformation. We measured no damage at the

mineralised collagen fibre level up to high plastic strains. Combined with the SEM

failure mode analysis, this points to an extrafibrillar interface failure and an incomplete

separation of the intrafibrillar mineral and collagen. The formation of kink bands

presumably led to localised strains which influenced the fibril strain measurements. The

delayed mechanical response of the fibrils and a toe region in the apparent stress-strain

curves further suggested a gradual fibril recruitment during mineralised collagen fibre

compression that lead to the measurement of small strains in the fibre components.

A statistical constitutive model was developed that explains the mineralised collagen

fibre behaviour during compression. It is able to capture the apparent fibre behaviour

and simulated how the mineralised collagen fibrils and mineral particles contribute

in producing the apparent fibre behaviour. The statistics of the model allowed it

to consider the natural fluctuations of the mechanical properties of the mineralised

collagen fibrils, mineral particles and mineralised collagen fibre. Combined with two

classical shear lag models, the model is able to calculate distributions of the mechanical

responses. Thus, the mean values of the simulated strain ratio distributions directly

correspond to the experimental results for combined mechanical tests and SAXS/XRD

measurements. Ultrastructural features of the samples were extracted from synchrotron

radiation X-ray phase-contrast nanometre computed tomography to inform the model.

It also allowed it to quantify the surface roughness of the tested samples so that a logistic

function could be identified to incorporate a gradual recruitment of mineralised collagen

fibrils into the model as experimental data suggested. A natural fluctuation of 10-15%
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for the mechanical and structural properties as well as the mineralised collagen fibril

recruitment were necessary features in the model to explain the fibre behaviour at the

micro- and nanoscale. With this, we were able to achieve a 95% accuracy of our model

compared to micro- and nanoscale experiments. The heterogeneous fibril deformation

indicates that only a fraction of the fibrils within the fibre is loaded instantaneously

upon compression so that the load is not distributed equally to the structure. Based

on the reported waviness of bone fibrils, the mineralised collagen fibril recruitment

might further not be exclusively a result of boundary effects but an inherent statistical

property of the wavy bone extracellular matrix. The heterogeneous fibril deformation

combined with the statistics of the mechanical properties adds an additional explanation

to the small strain ratios as reported in the literature for SAXS and XRD measurements

during mechanical testing where various energy dissipation mechanisms are discussed

to explain the difference between the tissue level and the nanoscale. Our model can

investigate the influence of mineralisation, fibril diameter and hardening behaviour to

simulate the micro- and nanoscale behaviour of other mineralised tissues such as bone.

Using model input parameters at the collagen molecule level might also pave the way to

incorporate pathological changes such as mutations of collagen or brittle bone disease

when simulating the micro- and nanoscale behaviour of a mineralised collagen fibre.

By quantifying average collagen molecule deformations, it may further bridge the gap

between continuum micromechanics and molecular dynamics approaches. Combined

with statistical models for the scale transition from the micro- to the macroscale, our

model helps to establish a comprehensive modelling framework for bone and other

mineralised tissues from the molecular level to the macroscopic length scale.

To extend the experimental and numerical findings of the first two studies, a rehydra-

tion set-up was developed for the combined micropillar compression and SAXS/XRD

measurements in order to identify the behaviour of a mineralised collagen fibre and

the coupling with its mechanical components under quasi-physiologic conditions. We

successfully used the developed statistical constitutive model and quantified how water

changes the micro- and nanomechanical properties of the fibre and found an average

agreement with experiments of 89%. Hydration decreased the apparent mechanical

properties as well as the amount of load that is transferred between the fibre, the fibrils

and the mineral particles. Fibre stiffness was reduced by 60%, yield and compressive

strength by 75%. The shear lag model showed a 25% decrease in the fibril stiffness.

Interestingly, the effect of hydration was the same for both the mineralised collagen fibril

strains and mineral particles strain assuming that water mediates the mineral-organic
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matrix interaction. Our data suggest that the hydration has a more pronounced effect

on the extrafibrillar than on the intrafibrillar deformation mechanisms. Smaller fibril

strains might be a result of rigid body movement of the mineralised collagen fibrils

within the extrafibrillar matrix due to a watery layer coating the fibrils leading to a

higher mobility within the fibril-matrix network. This mechanism might also lead to a

higher amount of energy being dissipated into the extrafibrillar matrix. Compared to the

effect reported for millimetre sized samples, hydration had a comparable effect on the

mineral particles, but was double as high for the mineralised collagen fibrils. Numerical

and experimental results suggest that hydration has two effects on the mechanical

behaviour of the mineral particles during compression. Water stabilises the nanocrystals

by filling vacancies of the defect-containing carbonated hydroxyapatite nanocrystals

as reported in the literature and a watery film around the crystals lead to a higher

mobility. Our findings closes a gap in providing data on the compressive behaviour of

single mineralised collagen fibres under quasi-physiologic conditions and showing how

water affects the load transfer at the micro- and nanoscale.

In this thesis, novel experimental and numerical methods were successfully developed

to explain the micro- and nanomechanics of mineralised collagen fibre elasto-plasticity.

They are able to explain the behaviour of the fundamental mechanical building block of

bone under dry and quasi-physiologic conditions including the coupling with its main

mechanical components.

The results in this thesis provide new insights and valuable information for under-

standing hierarchical mineralised tissues such as bone as a material. Our experimental

and numerical findings on the elasto-plastic behaviour of mineralised collagen fibres

can serve in the design of tissue engineered materials and bio-inspired implants and

inform computational methods such as finite element models to improve nonlinear bone

strength analyses. This thesis adds an important contribution to inform such models

that have the potential to mitigate the personal and socio-economic burden related to

bone associated diseases.
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Appendix A: A novel method to analyse highly ordered XRD patterns which outlines

an alternative analysis technique to determine the mineral particles strain from

002-reflections.

Appendix B: Motivation and justification for the piecewise definition of the Helmholtz

free energy for the statistical constitutive model.

Appendix C: Graphical abstract for the study on ”The micro- and nanomechan-

ical compressive behaviour of mineralised collagen fibres” as tested under dry

conditions.

Appendix D: Graphical abstract for the study on ”A statistical constitutive model

for the compressive behaviour of a mineralised collagen fibre”.

Appendix E: Graphical abstract for the study on ”The quasi-physiologic compressive

behaviour of a mineralised collagen fibre at the micro- and nanoscale”.
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7.1 Appendix A: A novel method to analyse highly ordered

XRD patterns

In addition to the conventional approach of the analysis of XRD patterns including

an azimuthal and radial integration of the 002-reflection as outlined in section 2.1.3

(Figures 2.5, 2.6 and 2.7), an alternative analysis approach is presented here based on

pre-processing and image processing steps in imageJ, Python and R with custom written

codes facilitating the overall procedure and shortening the time needed for the complete

analysis compared to the conventional approach. The outlined workflow for the analysis

steps might be useful for other users in the X-ray diffraction community. Needed

parameters for the Python algorithm are identified via steps in imageJ and imported

via an individual csv-sheet table that includes parameters regarding the detector and

the X-ray source used during the experiments.

Novel analysis procedure to determine mineral strains from XRD patterns

The novel analysis procedure is based on successive image processing steps in imageJ

and Python with further calculations and data visualisation in R. In Python, primarily

the SciPy [169], NumPy [170], Scikit-image [310] and FabIO [311] packages were used.

An overview of the workflow can be seen in figure 7.1. The image-processing based part

involves steps such as extracting regions-of-interest, median-filtering, segmentation and

binarisation. Based on those pre-processing steps, the position changes of the XRD

reflections are tracked via an elliptical fit of the provided data. The details of the

algorithm and procedure will be discussed in the following and a comparison of the

conventional and novel analysis procedure is given for one exemplary sample from the

XRD experiments from Section 2.1.

First, an anisotropic diffusion filter was used to enhance the edges within the image

of the original XRD pattern. A region of interest (ROI) was then identified based on

the position of the 002-reflection in the image array. These ROIs were created via a

conversion from cartesian to polar coordinates and by constructing boolean masks for

the desired circle and range of angles. This returns a boolean mask for a circular sector

where the initial and last angle are given by the user in a clockwise order. For the

002-reflection of the mineral nanocrystals, the distance of the Debye-Scherrer ring from

the beam center will not show considerable changes and the same distances can be

used for all X-ray acquisitions. The extracted ROI around the 002-peak reflection, thus,

cuts the diffuse scattering of the mineral SAXS signal and additional inner and outer
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002 reflection

median filtered ROI segmented and binarised

overlay of anisotropic diffusion 
filtered XRD-pattern

elliptical fit

original XRD-pattern

overlay of original XRD-pattern
(top part of 002-reflection)

elliptical fit elliptical fit

overlay of original XRD-pattern
(bottom part of 002-reflection)

Figure 7.1: Successive steps and outcome overlays for the XRD-analysis (002-reflection)
based on the alternative approach. Top row from left to right: Original XRD-pattern as
input (various file formats acceptable), median filtered and extracted region-of-interest and
segmented and binarised image data. The latter served as the input data for the final elliptical
fit. Bottom row from left to right: Overlays of the XRD-pattern and the elliptical fit. The left
image illustrates the overlay of the complete 002-reflection. An anisotropic diffusion filter was
used to enhance the edges within the image. The close-up views (mid and right) demonstrate
the accurateness of the fit with respect to the 002-reflection in axial direction. Based on the
outcome of the fit, q- and d-values for the strain analysis in the mineral phase were calculated
by including detector- and X-ray source specific parameters (cf. figure 7.2 for the data analysis
outcome).

rings. A median filter is then used for the image array for the succeeding thresholding.

The thresholding binarises the ROI and prepares the binarised 002-reflection for the

succeeding elliptical fit. Its algorithm is based on least squares fitting and an extended

approach of solving the Eigenvalue problem for the bilinear matrix form of the ellipse

[312]. The novel approach let the user extract required parameters such as the width

and height of the ellipse, and, thus, the XRD pattern. It further outputs the position of

the reflection centre. The analysis procedure was based on a similar approach used to

analyse Faraday rotation data from pulsed magnetic field measurements [313]. The code

was adapted from Hammel & Sullivan-Molina (https://github.com/bdhammel/least-

squares-ellipse-fitting/blob/master/ellipses.py).
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By including detector- and X-ray source-specific parameters, corresponding q- and

d-values (Sections 1.4 and 2.1.3) can be calculated for the mineral strain analysis which

is directly incorporated into the elliptical fit algorithm. This allows a comparison to

the aforementioned analysis procedure which is demonstrated exemplarily in figure 7.2.

Next to the shorter amount of time needed for the overall analysis, this approach does

not necessarily need the coordinates of the beam centre as an input. The elliptical

fitting algorithm identifies the beam centre itself. However, the beam centre needs to

be determined during the normal calibration procedure since it is required in preceding

steps to calculate the sample-to-detector distance (Section 2.1.2).

Results

The procedure was tested on one exemplary XRD sample to outline the different results

from the conventional and novel analysis approach. The identified mineral strains are

compared along the time series during the X-ray experiment. Values for both techniques

show very good agreement including the cubic spline fit for the mineral strain versus

time data (Figure 7.2).

Conventional approach

XRD

mineral strain
natural cubic spline (df=10)

Alternative approach

XRD

mineral strain
natural cubic spline (df=10)

mineral strain
natural cubic spline (df=10)

Figure 7.2: Comparison of both analysis procedures for XRD patterns. Left: Conventional
approach including azimuthal, radial integration and Gaussian peak fitting; Right: Alternative
approach including segmentation, binarisation and elliptical least squares fit.
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7.2 Appendix B: Motivation and justification for the

piecewise definition of the Helmholtz free energy

In the formulation of the analytical framework of a single rheological element in the

statistical constitutive model (Section 2.2.3), we used a piecewise definition of the

Helmholtz free energy ψ to account for the failure of the plastic sliders that break

down at ultimate strains in the intra- and extrafibrillar region. Its formulation, thus,

depends on whether the intra- or extrafibrillar strains have reached the ultimate value

in the corresponding region. Here, the motivation and justification is presented for this

piecewise formulation. It outlines that the use of a discontinuous damage formulation

D as reported in [26] and the use of δ-functions justifies the piecewise definition of ψ as

an alternative formulation to account for the failure of the plastic sliders in our model.

It further outlines the advantage of using a piecewise definition.

When we consider an isothermal process, the Helmholtz free energy ψ is given by

[204, 210]:

ψ = ψ(εe) = ψ(ε, εp,mc, εp,e f )

=
1
2

(1−D) ε(ε− εp,mc − εp,e f )2 (7.1)

Here we used the discontinuous damage variable D [26, 314] in the formulation that

accounts for intra- and extrafibrillar regions:

D = D(εp,mc, εp,e f ; εp,mc,ult, εp,e f ,ult)

= H(−εp,mc − εp,mc,ult − εp,e f − εp,e f ,ult)

+H(εp,mc − εp,mc,ult) +H(εp,e f − εp,e f ,ult) (7.2)

where variables behind the semi-colon are considered as parameters. H is the Heaviside

unit step function used as an indicator function with H(x) = 0 for x < 0 and

H(x) = 1 for x ≥ 0. The Dirac delta distribution δ(x) is the distributional derivative of

H(x) so that δ(x) = dH
dx with the properties δ(x) = ∞ for x = 0 and δ(x) = 0 for x 6= 0.

Following the theory outlined in Section 2.2.3, we derive the stresses from the free

energy. The total stress is determined as the partial derivative of the free energy with
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respect to the total strain ε [210]:

σ =
∂ψ

∂ε

= 1−H(−εp,mc − εp,mc,ult − εp,e f − εp,e f ,ult) ε(ε− εp,mc − εp,e f )

−H(εp,mc − εp,mc,ult) ε(ε− εp,mc − εp,e f )

−H(εp,e f − εp,e f ,ult) ε(ε− εp,mc − εp,e f )

= (1−D) ε(ε− εp,mc − εp,e f ) (7.3)

The plastic stress related to the intrafibrillar region, i.e. the mineralised collagen fibril,

is determined as the partial derivative of ψ with respect to the plastic strain εp,mc:

σp,mc = − ∂ψ

∂εp,mc

=
1
2

ε(ε− εp,mc − εp,e f )2 δ(εp,mc − εp,mc,ult)

− 1
2

ε(ε− εp,mc − εp,e f )2 δ(−εp,mc − εp,mc,ult − εp,e f − εp,e f ,ult)

+ ε(ε− εp,mc − εp,e f )
[
1−H(−εp,mc − εp,mc,ult − εp,e f − εp,e f ,ult)

−H(εp,mc − εp,mc,ult)−H(εp,e f − εp,e f ,ult)
]

= (1−D) ε(ε− εp,mc − εp,e f )

+
1
2

ε(ε− εp,mc − εp,e f )2[
δ(εp,mc − εp,mc,ult)− δ(−εp,mc − εp,mc,ult − εp,e f − εp,e f ,ult)

]
= σ +

1
2

ε(ε− εp,mc − εp,e f )2[
δ(εp,mc − εp,mc,ult)− δ(−εp,mc − εp,mc,ult − εp,e f − εp,e f ,ult)

]
(7.4)
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The plastic stress related to the extrafibrillar matrix is determined as the partial

derivative of ψ with respect to the plastic strain εp,e f :

σp,e f = − ∂ψ

∂εp,e f

=
1
2

ε(ε− εp,mc − εp,e f )2 δ(εp,e f − εp,e f ,ult)

− 1
2

ε(ε− εp,mc − εp,e f )2 δ(−εp,mc − εp,mc,ult − εp,e f − εp,e f ,ult)

+ ε(ε− εp,mc − εp,e f )
[
1−H(−εp,mc − εp,mc,ult − εp,e f − εp,e f ,ult)

−H(εp,mc − εp,mc,ult)−H(εp,e f − εp,e f ,ult)
]

= (1−D) ε(ε− εp,mc − εp,e f )

+
1
2

ε(ε− εp,mc − εp,e f )2[
δ(εp,e f − εp,e f ,ult)− δ(−εp,mc − εp,mc,ult − εp,e f − εp,e f ,ult)

]
= σ +

1
2

ε(ε− εp,mc − εp,e f )2[
δ(εp,e f − εp,e f ,ult)− δ(−εp,mc − εp,mc,ult − εp,e f − εp,e f ,ult)

]
(7.5)

As long as εp,mc < εp,mc,ult and εp,e f < εp,e f ,ult, we have δ = 0. The plastic sliders break

down at ultimate strains εp,mc,ult and εp,e f ,ult (Figure 2.9), i.e. for the intrafibrillar region

when εp,mc = εp,mc,ult and for the extrafibrillar region when εp,e f = εp,e f ,ult. When

εp,mc = εp,mc,ult in Equation (7.4) or when εp,e f = εp,e f ,ult in Equation (7.5), δ(x) = ∞.

The δ-functions are used for the discontinuous damage variable as indicator functions

to choose between failure and non-failure of the rheological model elements. It justifies

a piecewise definition of the Helmholtz free energy ψ as an alternative formulation and

avoids artificial infinite stresses at the failure conditions.
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7.3 Appendix C: Graphical abstract for Section 2.1
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Figure 7.3: Graphical abstract for ”The micro- and nanomechanical compressive behaviour
of mineralised collagen fibres.” (Sections 2.1, 3.1, 4.1, 5.1).
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7.4 Appendix D: Graphical abstract for Section 2.2
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Figure 7.4: Graphical abstract for ”A statistical constitutive model for the compressive
behaviour of a mineralised collagen fibre” (Sections 2.2, 3.2, 4.2, 5.2).
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7.5 Appendix E: Graphical abstract for Section 2.4

Graphical abstract for ”The quasi-physiologic compressive behaviour of a mineralised

collagen fibre at the micro- and nanoscale” (Sections 2.4, 3.4, 4.3, 5.3)
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[121] M. Salomé, F. Peyrin, P. Cloetens, C. Odet, A.-M. Laval-Jeantet, J. Baruchel,

and P. Spanne. A synchrotron radiation microtomography system for the analysis

of trabecular bone samples. Med Phys, 26(10):2194–2204, 1999.

[122] M. J. Wald, B. Vasilic, P. K. Saha, and F. W. Wehrli. Study of trabecular bone

microstructure using spatial autocorrelation analysis. Proc Spie, 5746:291–302,

2005.

[123] E. P. Paschalis, E. DiCarlo, F. Betts, P. Sherman, R. Mendelsohn, and A. L.

Boskey. Ftir microspectroscopic analysis of human osteonal bone. Calcified Tiss

Int, 59(6):480–487, 1996.

[124] O. Akkus, F. Adar, and M. B. Schaffler. Age-related changes in physicochemical

properties of mineral crystals are related to impaired mechanical function of

cortical bone. Bone, 34(3):443–453, 2004.

[125] J. S. Yerramshetty, C. Lind, and O. Akkus. The compositional and physicochemical

homogeneity of male femoral cortex increases after the sixth decade. Bone,

39(6):1236–1243, 2006.

[126] M. Kazanci, P. Roschger, E.P. Paschalis, K. Klaushofer, and P. Fratzl. Bone

osteonal tissues by raman spectral mapping: Orientation–composition. Journal

of Structural Biology, 156(3):489 – 496, 2006.

[127] S. Gamsjaeger, B. Buchinger, E. Zwettler, R. Recker, D. Black, J. A. Gasser,

E. F. Eriksen, K. Klaushofer, and E. P. Paschalis. Bone material properties in

actively bone-forming trabeculae in postmenopausal women with osteoporosis

after three years of treatment with once-yearly zoledronic acid. J Bone Miner

Res, 26(1):12–18, 2011.

[128] B. Hofstetter, S. Gamsjaeger, R. J. Phipps, R. R. Recker, F. H. Ebetino,



Bibliography 156

K. Klaushofer, and E. P. Paschalis. Effects of alendronate and risedronate on

bone material properties in actively forming trabecular bone surfaces. J Bone

Miner Res, 27(5):995–1003, 2012.

[129] G. S. Mandair and M. D. Morris. Contributions of raman spectroscopy to the

understanding of bone strength. BoneKEy Rep, 4:–, January 2015.

[130] M. Mirzaali, J. J. Schwiedrzik, S. Thaiwichai, J. P. Best, J. Michler, P. K. Zysset,

and U. Wolfram. Mechanical properties of cortical bone and their relationships

with age, gender, composition and microindentation properties in the elderly.

Bone, 93:196 – 211, 2016.

[131] M. Tanaka and R. J. Young. Review polarised raman spectroscopy for the study

of molecular orientation distributions in polymers. Journal of Materials Science,

41(3):963–991, Feb 2006.

[132] S. Gamsjaeger, A. Masic, P. Roschger, M. Kazanci, J. W. C. Dunlop, K. Klaushofer,

E. P. Paschalis, and P. Fratzl. Cortical bone composition and orientation as a

function of animal and tissue age in mice by raman spectroscopy. Bone, 47(2):392

– 399, 2010.

[133] W. H. Bergstrom and W. M. Wallace. Bone as a sodium and potassium reservoir.

The Journal of clinical investigation, 33(6):867–873, June 1954.

[134] K. J. Obrant and R. Odselius. Electron microprobe investigation of calcium

and phosphorus concentration in human bone trabeculae—both normal and in

posttraumatic osteopenia. Calcified Tissue International, 37(2):117–120, Mar

1985.

[135] S. Gourion-Arsiquaud, J. C. Burket, L. M. Havill, E. DiCarlo, S. B. Doty,

R. Mendelsohn, M. CH. van der Meulen, and A. L. Boskey. Spatial variation in

osteonal bone properties relative to tissue and animal age. Journal of Bone and

Mineral Research, 24(7):1271–1281.

[136] E. Nejati, H. Mirzadeh, and M. Zandi. Synthesis and characterization of nano-

hydroxyapatite rods/poly(l-lactide acid) composite scaffolds for bone tissue engi-

neering. Composites Part A: Applied Science and Manufacturing, 39(10):1589 –

1596, 2008.

[137] D. Farlay, G. Panczer, C. Rey, P. Delmas, and G. Boivin. Mineral maturity and

crystallinity index are distinct characteristics of bone mineral. J Bone Miner

Metab, 28(4):433–445, 2010.

[138] Y. Benveniste. A new approach to the application of mori-tanaka’s theory in



Bibliography 157

composite materials. Mechanics of Materials, 6(2):147 – 157, 1987.
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