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James P. Bestb, Johann Michlerb, Philippe K. Zysseta,2, Uwe Wolfram∗,a,c,2
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bEMPA, Swiss Federal Laboratories for Materials Science and Technology, Laboratory of

Mechanics of Materials and Nanostructures, Thun, Switzerland
cSchool of Engineering and Physical Science, Institute for Mechanical, Process and Energy

Engineering, Heriot-Watt University, Edinburgh, United Kingdom

Abstract

The growing incidence of skeletal fractures poses a significant challenge to ageing

societies. Since a major part of physiological loading in the lower limbs is carried by

cortical bone, it would be desirable to better understand the structure-mechanical

property relationships and scale effects in this tissue. This study aimed at assess-

ing whether microindentation properties combined with chemical and morphological

information are usable to predict macroscopic elastic and strength properties in a

donor- and site-matched manner.

Specimens for quasi-static macroscopic tests in tension, compression, and tor-

sion and microindentation were prepared from a cohort of 19 male and 20 female

donors (46 to 99 years). All tests were performed under fully hydrated conditions.

The chemical composition of the extra-cellular matrix was investigated with Raman

spectroscopy. The results of the micro-mechanical tests were combined with mor-

phological and compositional properties using a power law relationship to predict

the macro-mechanical results.

Microindentation properties were not gender dependent, remarkably constant

over age, and showed an overall small variation with standard deviations of ap-
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proximately 10 %. Similar results were obtained for chemical tissue composition.

Macro-mechanical stiffness and strength were significantly related to porosity for all

load cases (p < 0.05). In case of macroscopic yield strain and work-to-failure this

was only true in torsion and compression, respectively. The correlations of macro-

mechanical with micro-mechanical, morphological, and chemical properties showed

no significance for cement line density, mineralisation, or variations in the microin-

dentation results and were dominated by porosity with a moderate explanatory power

of predominately less than 50 %.

The results confirm that age, with minor exceptions gender, and small variations

in average mineralisation have negligible effect on the tissue microindentation prop-

erties of human lamellar bone in the elderly. Furthermore, our findings suggest that

microindentation experiments are suitable to predict macroscopic mechanical prop-

erties only on average and not on a one to one basis. The presented data may help

to form a better understanding of the mechanisms of ageing in bone tissue and of

the length scale at which they are active. This may be used for future prediction of

fracture risk in the elderly.

Key words: cortical bone, strength, microindentation, Raman spectroscopy,

microstructure, scale effect, ageing, reference point indentation

1. Introduction1

As modern societies age, the growing incidence of fractures poses a significant2

challenge for health care systems all over the world. Hip fractures are among the3

most detrimental, as they lead to a loss of mobility and show an increased mortality4

∗Corresponding Author: u.wolfram@hw.ac.uk, Heriot-Watt University, School of Engineering
and Physical Science, Institute for Mechanical, Process and Energy Engineering, James Nasmyth
Building, Room JN 2.33 Edinburgh, EH14 4AS, UK

1Both authors share first authorship.
2Both authors share last authorship.
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amongst patients. As a remarkable proportion of physiological loading in the ageing5

hip is carried by the cortical shell (Holzer et al., 2009), it is important to investi-6

gate its role in the fracture resistance and strength of whole bones (Schaffler and7

Burr, 1984; Treece et al., 2010; Zebaze et al., 2010). Whole bone strength has been8

shown to depend on the tissue mineralisation measured by clinical densitometry, but9

also on the micromechanical properties of the hierarchical organisation of bone tis-10

sue (Seeman and Delmas, 2006; Cooper et al., 2007). It is therefore important to11

study its mechanical and morphological properties on several length scales to identify12

structure-mechanical property relationships.13

Bone is a natural composite with a cell-seeded mineralised collagen matrix featur-14

ing a hierarchical structure. It is mainly composed of mineral (50-60 wt. %), collagen15

(30-40 wt. %) and water (10-20 wt. %) (Rho et al., 1998). Collagen molecules self-16

assemble into fibrils that are reinforced periodically by mineral platelets (Weiner17

and Wagner, 1998; Fratzl and Weinkamer, 2007). Empty space is filled with water18

and non-collagenous proteins of which osteocalcin binds strongly to minerals while19

it complexes and links to collagen via osteopontin (Poundarik et al., 2012) to help to20

mineralise the collagen fibril. The mineralised collagen fibrils impregnated by extra-21

fibrillar mineral particles (Currey, 1969; Lees et al., 1990; Currey, 2002) combine22

into fibril arrays, which form lamellae in a rotated plywood pattern (Giraud-Guille,23

1988; Weiner et al., 1997; Varga et al., 2013; Reznikov et al., 2014). Osteocytes and24

their processes inhabit the lacuno-canalicular network making up for about 1 % of25

bone porosity (Martin, 1984).26

Cortical bone is a dense mineralised tissue that encloses trabecular bone in epi-27

physes and is also found in diaphyses of long bones. It consists mainly of concentric28

bone lamellae arranged around blood vessels forming osteons and interstitial ar-29

eas (Fratzl and Weinkamer, 2007). It features a macroporosity of around 5-15 %,30

which is mainly oriented along the osteon direction (Wachter et al., 2001a; Zioupos31

et al., 2008). Secondary osteons result from a continuous remodelling process that32
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counteracts the development of fatigue damage. They are separated from the sur-33

rounding tissue by a cement interface (Burr et al., 1988), which is 1 to 5 µm in34

thickness (Currey, 2002; Burr et al., 1988). Its exact nature and mechanical role has35

been widely debated (Schaffler et al., 1987; Yeni and Norman, 2000; Skedros et al.,36

2005; Najafi et al., 2007; Ebacher and Wang, 2009; Montalbano and Feng, 2011;37

Nobakhti et al., 2014).38

Several methods have been used in the past to investigate the microstructure39

of cortical bone. Among them are staining of the cementous interfaces in calcified40

thin sections (Bain et al., 1990), classical histology (Bernhard et al., 2013), and41

scanning electron microscopy (Boyde and Jones, 1996). Morphological parameters42

like porosity and surface density have been identified using light-microscopic methods43

and quantitative stereology (Parfitt, 1984) on cross sections. The three-dimensional44

investigation of bone morphology has been helped greatly by the development of new45

technologies such as micro-computed tomography (µCT) and related morphological46

characterisation techniques (Hildebrand et al., 1999; Patsch et al., 2013).47

The mechanical properties of cortical bone on the macroscale are closely related48

to its microstructure and composition. Their relation has been extensively studied49

in the past (Robertson and Smith, 2000; Schaffler and Burr, 1988; McCalden et al.,50

1993; Rho et al., 1995; Sevostianov and Kachanov, 2000; Zioupos, 2001; Dong and51

Guo, 2004; Budyn et al., 2012). It has been shown that elastic modulus, strength,52

and energy absorption decrease with increasing porosity or with the osteons’ area53

fraction (McCalden et al., 1993; Zioupos, 2001; Robertson and Smith, 2000). A54

change in mineral content due to ageing (Currey, 2002) affects the elastic, post-yield55

and ultimate properties of cortical bone (Martin et al., 1985; Martin, 1993; Courtney56

et al., 1996; Zioupos and Currey, 1998; Leng et al., 2009). Another factor that may57

affect the mechanical integrity of cortical bone is the accumulation of microcracks58

due to a reduced remodelling activity, which has been shown to affect both the fa-59

tigue (Schaffler et al., 1990) and the post-yield behaviour of bone (Zhang et al.,60
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2013; Nalla et al., 2003). Finally, it has been recently shown that bone exhibits a61

strong scale effect in its post-elastic properties. The behaviour on the microscale62

is characterised by an increased strength and ductility and an absence of damage63

(Schwiedrzik et al., 2014). A thorough study of the effect of tissue properties mea-64

sured on the lamellar level combined with chemical and morphological parameters65

on the macroscopic mechanical behaviour of cortical bone has not been performed66

for a large cohort (n ≥ 35) of human donors so far.67

Microindentation is a mechanical testing technique allowing to assess local ma-68

terial properties at the lamellar level. A diamond tip with a known geometry, often69

a three sided pyramid, is pushed into a flat surface. Tip displacement and axial70

force are measured simultaneously. The pioneering work of Oliver and Pharr (1992);71

Swadener and Pharr (2001) allows to extract local elastic properties from the un-72

loading part of the indentation curve. Indentation in bone up to 1 µm of depth aims73

at characterising the anisotropic mechanical properties on the lamellar level (Lewis74

and Nyman, 2008; Zysset, 2009). While most of the studies have concentrated more75

on elastic properties of bone (Zysset et al., 1999; Hoffler et al., 2005; Franzoso and76

Zysset, 2009; Reisinger et al., 2011), yield properties have also been extracted from77

microindentation data based on inverse methods (Tai et al., 2006; Mullins et al.,78

2009; Carnelli et al., 2010). Microindentation has been used in the past as part79

of validation strategies involving elastic micro-finite element models of trabecular80

bone (Wolfram et al., 2010c) or mineralised tendon (Spiesz, 2011), micromechanical81

homogenisation schemes describing the scale-dependency of the elastic properties of82

bone (Reisinger et al., 2011), and has also been compared to micro-tensile tests in83

bovine cortical bone (Hengsberger et al., 2003; Hoc et al., 2006). A rigorous corre-84

lation of microindentation and macroscopic mechanical data in both the elastic and85

post yield region for a large number of human donors would be desirable in order86

to better understand the structure-mechanical property relationships and scale ef-87

fects in bone. Such a correlation would also shed light on the clinical usability of88
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microindentation techniques.89

Therefore, this study aims (i) to examine the dependence of extra-cellular matrix90

(ECM) composition and micro-indentation properties with respect to age and gender;91

(ii) to test whether ECM properties contribute to the prediction of macroscopic92

properties next to porosity and histomorphometric variables.93

Figure 1 provides an overview of the study to better illustrate the interconnection94

of experiments and length scales.95

2. Material and Methods96

2.1. Whole Bone Level97

Proximal femurs of 19 male and 20 female donors with a median age of98

77 (46 to 99) years. Donors had no known bone-related disease and passed away99

due to natural causes. Lifestyle or medication history of the donors was unknown.100

Investigations (cf. results) did not show any severe outliers or differences in the bone101

samples investigated. The age of female donors varied from 46 to 99, of male donors102

from 59 to 91 years. The specimens were provided by the Department of Applied103

Anatomy of the Medical University of Vienna. Ethics approval (175/2011) based on104

informed consent of the donors has been obtained. The specimens were frozen at105

-20°C immediately after explantation.106

2.2. Macroscopic Tissue Level107

Macromechanical specimens were prepared from mid-diaphyseal sections108

of approximately 120 mm length that were cut approximately 100 mm below the109

cusp of the lesser trochanter (Figure 1). Each of the femoral sections was divided110

into two approximately 50 mm long pieces by a central cut perpendicular to the shaft111

using a band saw under constant water irrigation (Exakt Apparatebau, Norderstedt,112

Germany). The proximal piece was divided and three neighbouring specimens from113

the anterior-lateral region with a tetragonal cross-section of approximately 16 mm2
114
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were cut with the band saw. From these pieces, dumbbell-shaped bone specimens115

were prepared using a desktop lathe (Promac, Taiwan). Specimens were lubricated116

using ethylenglycol during lathing. All specimens were oriented along the long axis117

of the femur. The central sections of the specimens had a diameter of 3 mm and a118

gauge length of 6.5 mm, the total length of the specimens was 30 mm. The specimens119

were kept hydrated in 0.9 % saline solution throughout the whole process. After120

preparation, samples were stored frozen at -20 °C. In total, 111 specimens (54 male,121

57 female) were prepared of which 2 specimens broke before testing.122

For morphology analysis of macroscopic specimens a 14.4 mm long central123

section of the dumbbell shaped specimens was scanned in a µCT (µCT40, Scanco) at124

a spatial resolution of 8 µm (Figure 1). Samples were submerged in 0.9 % saline solu-125

tion during scanning and refrozen afterwards. µCT images were manually cropped in126

ImageJ (National Institutes of Health, USA) and aligned to their main axis (Trans-127

formJ package (Meijering et al., 2001)). Subsequently, all datasets were cropped128

to the gauge length of the specimens. Cross-sectional area A0 and radius r of each129

sample were calculated from the middle slice of the image stack and used to compute130

apparent stress from the force signal recorded during mechanical testing.131

Cropped images were filtered using a Gauss filter with radius and standard de-132

viation of 1 voxel. Then, they were segmented using the single level thresholding of133

Ridler and Calvard (1978) with a global threshold equal to 34 % of the maximum134

grey value. Images were cleaned and unconnected bone regions and islands were135

removed.136

Morphological analysis was performed on a hexahedron of 2 × 2 × 6.5 mm3 size137

using medtool 3.6 (Dr. Pahr Ingenieurs e.U., Austria). Bone volume fraction (ρ) was138

defined as bone volume (sum of binarised grey levels) normalised by the volume of139

the whole sample cube. Fabric tensors (Harrigan and Mann, 1984) and the degree140

of anisotropy (DA) as the largest eigenvalue divided by the smallest eigenvalue of141

the fabric tensor for the Haversian porosity were computed to judge the alignment142
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of the specimens.143

Histology analysis was performed on calcified bone infiltrated with polymethyl144

methacrylate (PMMA). A 2 to 3 mm section was cut from each sample using the145

band saw (Figure 1). The section was located between the gripping zone and the146

shoulder of the gauge length. This volume was predominantly loaded elastically147

during testing. The sections were embedded and prepared for histological analysis.148

We used a modified von Kossa staining to highlight the cement interface and osteons.149

The histological preparation and the staining procedure are described in more detail150

in Appendix B.151

Stained samples were visualised under an optical microscope (Leica DM750, Ger-152

many) at 5-fold magnification. Three images were taken per specimen, two before153

and one after the staining. Illumination and pixel size (1.3 µm) for each image were154

kept constant.155

Transmitted and reflected light images of every specimen before the staining156

were registered to the transmitted light image of the stained sample. Image reg-157

istration was performed in ImageJ based on an automatic sub-pixel registration158

algorithm (Thévenaz et al., 1998). A constant region of interest (ROI) of 1800 ×159

1200 pixels (3.65 mm2) was considered. The ROI was cropped from the centre of the160

raw images in ImageJ. An overlay image of each stained and unstained sample was161

created to check the segmentation method and to reduce artefacts due to gluing or162

the milling process (Appendix B, Figure 8).163

Cement lines in the stained images were manually segmented in Amira 5.6.0 (Zuse164

Institute Berlin, Germany). The segmented images were skeletonised (DtfSkele-165

tonization, MeVisLab, Germany). The pixels in the skeletonised binary image were166

summed up and cement line density ρCL was defined as ratio of total number of167

pixels of cement line lCL to total number of ECM pixels in the image. To obtain168

the number of osteons nosteon per sample, the RGB image of the stained sample was169

segmented based on a fixed threshold of (190, 190, 190) in RGB space. Secondary os-170
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teons were selected using a connected component analysis (MATLAB, Natick, MA).171

8-connected neighbourhood connectivity was used in the algorithm and components172

larger than 500 pixels were considered as Haversian canals and each detected Haver-173

sian canal represented an osteon. The average osteon diameter dosteon (in mm) can174

be obtained as dosteon = lCL/nosteonπ approximating the osteonal cross-section with175

a circle.176

For macroscopic mechanical testing, specimens were re-hydrated in Hank’s177

buffered saline solution (HBSS) for 12 h at 4°C and kept in HBSS at room temper-178

ature for at least 2 h to reach thermal equilibrium. During testing, the specimens179

were wrapped in tissue soaked in HBSS and kept continuously hydrated.180

Tests were performed in tension, compression and torsion using a biaxial servo-181

hydraulic testing system (MTS 858 Mini-Bionix, USA) with an axial and torsional182

capacity of 15 kN and 150 Nm. The specimens were loaded in displacement control183

along the cylindrical main axis. Axial and shear strains were measured using a custom184

made bi-axial extensometer (Epsilon Tech 3550HT, USA). Quasi-static tests were185

performed at a strain rate of ≈ 2.5 · 10−4 s-1 (displacement rate of 5 · 10−3 mm s-1) in186

uni-axial tension and uni-axial compression and a strain rate of ≈ 3·10−4 s-1 (angular187

rate of 0.25°s-1) in torsion (Mirzaali et al., 2015). The specimens were preconditioned188

with three load cycles up to 0.2 % strain in tension, compression and 0.3 % in torsion189

and subsequently monotonically loaded to failure.190

All tests were performed at approximately 23°C and 44 % relative humidity. Data191

was acquired at a sampling rate of 100 Hz with a test duration of about 3 minutes.192

Time, displacement, angle of rotation φ, force F , torque T , axial strain ε and shear193

strain γ were recorded simultaneously.194

Stress σ in compression and tension was calculated as F/A0. Engineering strain195

ε = ∆l · l−1 in tension and compression was directly captured by the axial channel of196

the extensometer. Shear stress τ for a cylindrical sample with radius r was calculated197

9
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according to Nadai (1950) as198

τ =
1

2πr3

(

φ
dT

dφ
+ 3T

)

. (1)

Yield stress and yield strain was determined from the monotonic stress-strain199

curves using a 0.05 % and a 0.2 % offset criterion. We chose the 0.05 % criterion as200

onset of yield and the 0.2 % criterion as an upper bound that allows to compare our201

results to the literature. The initial elastic modulus (E0) was determined using a202

moving regression with an 0.2 % window width to identify the steepest section of the203

loading curve. Ultimate stress and strain were measured as the maximum stress and204

corresponding strain. Ultimate strain energy Wult was calculated as the area under205

the stress-strain curve until reaching the ultimate stress.206

Due to the limited range of the extensometer, it was not possible to continue207

the test to the ultimate fracture point for most of the torsional specimens. There-208

fore, Wult and γu could not be determined for this case. Ultimate shear stress was209

determined as the asymptotic post-yield stress since torsion shows very little strain210

hardening (Figure 1).211

2.3. Microscopic Tissue Level212

Specimens for microindentation were prepared from a 2 to 3 mm section cut213

from the posterior end of the most anterior tetragonal specimen extracted from each214

donor using the band saw (Figure 1). Subsequently, the section was divided so that215

an axial and a transverse cross-section was accessible. Sections were air-dried for216

more than 48 h and embedded in but not infiltrated by PMMA (Technovit 4006SE,217

Heraeus, Germany) (Wolfram et al., 2010c; Schwiedrzik et al., 2014). After curing218

at an elevated pressure of 2 bar for 30 minutes, they were ultra-milled (Polycut E,219

Reichert-Jung, Germany) to obtain flat and parallel surfaces. Prior to indentation,220

samples were re-hydrated for at least 2 h in HBSS (Wolfram et al., 2010c) and stayed221

submerged in HBSS during testing. Indentations were performed with an Ultra222
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Nano Hardness Tester (UNHT, CSM Instruments, Switzerland) equipped with long223

shaft reference and Berkovich diamond indenter tips and a custom made liquid cell.224

Osteonal and interstitial regions were indented on the axial cross sections. On the225

transverse cross sections, indentations were placed close to Haversian channels, but226

no clear visual distinction between osteonal and interstitial tissue could be made.227

For microindentation testing, a trapezoidal protocol in load control up to228

a maximum depth of 1 µm with a loading rate of 100 mN/min, holding time at229

maximum force of 30 s (Wolfram et al., 2010c), and an unloading rate of 400 mN/min230

was chosen in order to minimise the effects of creep on the measurement (Schwiedrzik231

et al., 2014). Ten indentations in ten regions were performed per sample. On the232

axial cross sections five indentations per region were placed in osteonal tissue and233

five in interstitial tissue. On the transverse cross sections ten random indentations234

were placed per region. Plane strain modulus E∗, indentation hardness HIT , elastic235

work Welast, and total work Wtot were extracted using standard methods (Oliver and236

Pharr, 1992; Reisinger et al., 2011; Wolfram et al., 2010c). Plane strain modulus is237

recovered from the experimentally measured reduced modulus Er (Oliver and Pharr,238

1992) by239

E∗ =

(

1

Er

−
1 − ν2

i

Ei

)−1

(2)

for known isotropic constants Ei and νi of the diamond indenter tip. Indentation240

hardness is given by the ratio of maximum load Pmax to projected contact area at241

maximum depth Ac242

HIT =
Pmax

Ac

. (3)

The total, elastic, and plastic work are defined between 0, maximum depth hm, and243
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residual depth hp as:244

Wtot =
∫ hm

0
Pdh, Welast =

∫ hp

hm

Pdh Wplast = Wtot − Welast. (4)

To perform Raman spectroscopy, a layer of approximately 50 µm was milled245

away to remove the indentations and possible influences of the submersion in HBSS246

on the surface chemistry (Figure 1). Ten Raman spectra were acquired in dry con-247

dition on each axial sample using an upright Raman microscope (Nova Spectra,248

ND-MDT, Russia). A continuous laser with an excitation wavelength of 633 nm249

and a power of 0.7 mW was focused on the sample surface using a 100× objective250

with a numerical aperture of 0.95. Spectra were recorded with 2 acquisitions of 3 s251

exposure time each and a spectral resolution of 2.7 cm-1. To account for autofluo-252

rescence, the Raman spectra were baseline corrected following James et al. (2012)253

using SpecTools3.254

Following Akkus et al. (2004), Yerramshetty et al. (2006), Morris and Mandair255

(2011), Gamsjaeger et al. (2011), and Gamsjaeger et al. (2014) (and references256

therein), we analysed the ratio of the integrated areas of the v1PO4 (900 – 1000 cm-1)257

to the amide I (1620 – 1720 cm-1) band to express the mineral/matrix ratio ρMM258

(Figure 1). The inverse of the full width half maximum (FWHM) of the v1PO4 peak259

was analysed to approximate maturity/crystallinity of the apatite crystals.260

Peaks were isolated according to the given bands. Data was processed without261

smoothing. For each amide I peak in each of the ten spectra a Gaussian function262

was fitted directly using a least square scheme (scipy.optimize.leastsq). In case of the263

v1PO4 peak a two step procedure was employed. First a Cauchy-Lorentz function was264

fitted directly to the extracted peak and peak centre and half width half maximum265

was determined. Then, a Gaussian function was fit to the data ranging from peak266

centre minus half width half maximum to the end of the extracted band in order267

3http://spectools.sourceforge.net/ last visited May 5th, 2015.
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to account for small overlapping bands at lower Raman shifts for the v1PO4 peak268

(Appendix C, Figure 9).269

From the final fitted Gaussian functions we identified the peak centre, intensity,270

and FWHM as 2
√

2 ln(2)S with the standard deviation S. The integrals under this271

function were computed using a numerical integration scheme (scipy.integrate.quad)272

in Scipy (Jones et al., 2001). After analysing the peaks possible outliers were re-273

moved. Subsequently, the data was averaged and treated as in a repeated measures274

analysis to reduce the variance in a sample with a limited number of specimens (Craw-275

ley, 2005). This means that the sample mean was regarded as representative and276

subsequently used in the regression analyses.277

2.4. Statistical Analyses278

Descriptive statistics and statistical testing was performed using Gnu R (R279

Development Core Team, 2008). A significance level of p < 0.05 was used. Normal-280

ity was checked using quantile-quantile plots and post-hoc Shapiro-Wilk normality281

tests (Shapiro and Wilk, 1965). In group wise comparisons, e. g. macroscopic gen-282

der differences, t-tests were chosen where normal distributions were found, otherwise283

Mann-Whitney tests were performed to check for significant differences. To analyse284

the indentation results, analysis of variance (ANOVA) was performed where age,285

gender, and sample direction were factors. R’s linear least square function was used286

to fit models between macro- and micromechanical, microstructural, and composi-287

tional properties in log-space. Due to an unequal number of samples per donor, we288

used a mixed model (Pinheiro et al., 2015) to find the correlation between age and289

morphological properties. A data point was considered as outlier if it was 1.5 times290

the inter-quartile range smaller than the 25 % or larger than the 75 % quartile.291

We used power law relationships (5) to describe the relation between mi-292

cromechanical Xmicro, microstructural (ρ and ρCL), and macroscopic mechanical293

properties Xmacro. Xmicro represents the donor mean from a repeated measure anal-294

ysis and X̄micro the population average of each property. X0, a, b, c, and d are fitting295
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parameters and the model is given as296

Xmacro = X0

(

Xmicro

X̄micro

)a

ρb (1 − ρCL)c

(

ρMM

ρ̄MM

)d

. (5)

In this case, X0 represents the properties of a fictitious solid with average microme-297

chanical properties and chemical composition, no porosity and no cement lines. The298

mechanical properties measured at the macroscale consisted of elastic modulus E0,299

strength σu, yield stress σ0.05, yield strain ε0.05, and ultimate work Wult. Their300

corresponding micromechanical counterparts were plane strain modulus E∗, inden-301

tation hardness HIT , ratio of hardness to modulus HIT /E∗, and total work Wtot.302

Microstructural properties were bone volume fraction ρ measured by µCT and the303

cement line density ρCL calculated from the stained histology images. The mineral-304

isation ρMM with its population average ρ̄MM measured with Raman spectroscopy305

was chosen to represent the chemical tissue composition.306

To perform the fit we exploited log-space conversion of the power law. Signifi-307

cant parameters were identified by removing insignificant parameters from the linear308

model in log space in a backward, step-wise manner. After each step, the parameter309

with the highest p-value was removed until only significant slopes and the intercept310

remained. Subsequently, overall significance of the model in log-space was checked.311

3. Results312

Raman analyses show that mineral content and crystallinity were not signifi-313

cantly different between males and females (p > 0.05) so that the data was pooled.314

Neither mineralisation ρMM nor crystallinity correlated with donor age (Figure 2).315

Mineralisation was found to be 3.44 ± 0.39 and crystallinity 0.06 ± 0.0012 cm (mean316

± standard deviation).317

µCT and histological analysis showed that the morphological parameters were318

not dependent on gender (p > 0.05). In addition the age distributions of the male319
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and female donors were not significantly different (p > 0.05). Therefore, the data320

was pooled (Table 1).321

A significant positive trend was observed between donor age and porosity (R2 =322

0.16, p < 0.05) as well as cement line density (R2 = 0.06, p < 0.05). No significant323

correlation with age was observed for osteon diameter and number of osteons (p >324

0.05) (Figure 3).325

The microindentation tests yielded micromechanical properties in axial and326

transverse direction independent of donor age (p > 0.05) except for HIT in interstitial327

bone (axial direction), in which a weak trend with age was observed (Figure 4). Di-328

rection was a significant factor in the ANOVA (p < 0.05) for all measurements except329

HIT confirming the anisotropy of cortical bone on the ultra-structural level (Franzoso330

and Zysset, 2009; Reisinger et al., 2011; Schwiedrzik et al., 2014; Schwiedrzik and331

Zysset, 2015). In axial direction, significant differences of approximately 10 % were332

found between interstitial and osteonal bone (p < 0.05), which is in line with earlier333

measurements reporting increased properties for the more mineralised interstitial tis-334

sue (Zysset et al., 1999). In the transverse direction, weakly significant differences335

of approximately 3.33 %, 14.31 %, and 3.97 % were found between male and female336

donors for indentation hardness HIT , the ratio of hardness to modulus HIT /E∗ and337

the ratio of plastic to total work Wplast/Wtot respectively (p < 0.05). This was not338

the case in axial direction. Population mean ± standard deviation of the properties339

are reported in Table 2.340

Standard deviation of all micromechanical variables was independent of age. Ex-341

Table 1: Mean ± standard deviation of morphological parameters of the tested cohort. No signifi-
cant differences were found between properties of male and female donors, therefore the data was
pooled.

1 − ρ ρCL dosteon nosteon DA

6.00 ± 3.97 % 1.2 ± 0.1 % 0.19 ± 0.02 mm 14.51 ± 2.27 mm-2 1.92 ± 0.077
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Table 2: Population mean ± standard deviation of mechanical properties measured by microinden-
tation in axial and transverse directions are shown. Microindentation properties were independent
of gender except for HIT , HIT /E∗, and Wplast/Wtot measured by microindentation in the transverse
direction.

Orientation and Plane Strain Hardness Hardness/ Elastic Work Total Work

Tissue Type Modulus Modulus

E∗ in GPa HIT in MPa HIT

E∗
in % Welast in pJ Wtot in pJ

Osteonal 18.09 ± 1.73 408 ± 69 2.2 ± 0.2 1014 ± 454 4198 ± 1866

axial Interstitial 20.07 ± 1.19 503 ± 56 2.5 ± 0.2 1212 ± 496 4836 ± 1972

pooled 19.08 ± 1.78 455 ± 78 2.4 ± 0.2 1113 ± 483 4517 ± 1935

female 12.60 ± 2.00 367 ± 91 2.9 ± 0.3 709 ± 218 2176 ± 641

transverse male 13.68 ± 1.72 428 ± 75 3.1 ± 0.2 885 ± 358 2611 ± 1026

pooled 13.10 ± 1.94 395 ± 89 3.0 ± 0.3 790 ± 302 2377 ± 859

cept for HIT in osteonal bone where an average 14 % difference was found the stan-342

dard deviation was independent of gender.343

Population average plane strain moduli in axial and transverse directions were344

used to fit a transversely isotropic tissue stiffness tensor (Franzoso and Zysset, 2009)345

(Figure 10).346

In the macroscopic mechanical tests, 13 specimens were excluded based on347

the outlier criterion or extensometer slippage during testing. Finally, 96 successful348

tests were included in this study from which 32 samples were tested in tension,349

compression, and torsion, respectively (Figure 1).350

Mean ± standard deviation of the identified macromechanical properties in ten-351

sion, compression, and torsion are shown in Table 3. Elastic modulus in tension and352

compression were not significantly different (p = 0.08) and therefore pooled. Yield353

stress, yield strain, strength, and ultimate strain were significantly different in ten-354

16



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

sion and compression (p < 0.05). Ultimate work in compression and work to fracture355

in tension were not significantly different (p > 0.05).

Table 3: Descriptive statistics of the monotonic macroscopic mechanical tests in uniaxial tension,
uniaxial compression, and torsion are reported.

Monotonic Tests Variable and Unit Load Case

Tension Compression Torsion

Modulus E0 GPa 18.16 ± 1.88 18.97 ± 1.84 -

Shear Modulus µ0 GPa - - 6.07 ± 0.57

Yield Stress 0.05 % σ0.05 MPa 71.56 ± 10.19 115.06 ± 16.36 -

Shear Yield Stress 0.05 % τ0.05 MPa - - 31.62 ± 4.00

Yield Strain 0.05 % ε0.05 % 0.45 ± 0.05 0.66 ± 0.09 -

Shear Yield Strain 0.05 % γ0.05 % - - 0.57 ± 0.03

Yield Stress 0.2 % σ0.2 MPa 84.52 ± 10.47 147.89 ± 16.36 -

Shear Yield Stress 0.2 % τ0.2 MPa - - 40.95 ± 5.16

Yield Strain 0.2 % ε0.2 % 0.67 ± 0.04 0.98 ± 0.09 -

Shear Yield Strain 0.2 % γ0.2 % - - 0.87 ± 0.04

Ultimate Stress σu MPa 92.95 ± 10.07 153.59 ± 21.63 -

Shear Ultimate Stress τu MPa - - 46.31 ± 5.82

Ultimate Strain εu % 1.9 ± 0.6 1.3 ± 0.3 -

Ultimate Work Wult
kJ

m3 1.49 ± 0.55 1.27 ± 0.64 -

356

Elastic modulus in tension and compression as well as yield stress in compression357

were significantly correlated with donor age. Yield stress in tension and torsion,358

yield strain as well as ultimate work in tension and compression where independent359

of donor age Figure 5.360
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Elastic modulus, yield stress and strength in tension, compression, and torsion as361

well as the ultimate work in compression were significantly correlated to porosity (p <362

0.05). No dependency of mechanical properties in tension, compression, and torsion363

on osteon diameter, osteon number, or cement line density could be identified. No364

significant correlation between yield strain and porosity in tension and compression365

and ultimate work in tension was observed (Figure 6).366

Correlating the results of the microindentation tests with the Raman367

results yields no significant relationship. E∗, HIT , HIT /E∗, or Wplast/Wtot (Figure 4)368

are neither dependent on donor mean ρMM nor on mineral maturity/crystallinity369

(Figure 2).370

Correlating the results of the macroscopic tests with micromechanical,371

microstructural, and chemical properties yields a significant (p < 0.05) depen-372

dence of macroscopic stiffness and strength on ρ (Table 4). For yield strain in tension373

and compression only the intercept X0 was significant (p < 0.05). For ultimate work374

in tension only the intercept was significant while in case of compression the intercept375

and ρ were significant (p < 0.05).376

4. Discussion377

Specimens of 39 donors in an age range of 46 – 99 years were tested in a site378

matched manner at the micro- and the macroscale by means of microindentation and379

uniaxial tension, compression, and torsion testing. Specimen specific morphological380

parameters were measured using µCT and histology. The chemical composition was381

investigated by Raman spectroscopy. Statistical analyses between mechanical prop-382

erties at two length scales, morphological, and chemical properties were performed383

with the aim to better understand the structure-mechanical property relationships384

and scale effects in bone.385

Raman spectroscopy showed that the relative mineral content ρMM as well as386

the crystallinity/maturity did not vary with donor age or gender. Thus, the results387
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Table 4: The measured micromechanical properties Xmicro are combined with microstructural
features in a power law (5) to predict the macroscopic mechanical properties Xmacro. Columns
left of the vertical line show load cases, macro- and microscopic counterparts, and used units. To
the right of the vertical line, the model parameters X0, a, b, and c are only shown if they were
significant. The coefficient of variation (CV) is reported as the standard error of the estimate
divided by the mean of the prediction.

Load Case Xmacro Xmicro Unit X0 a b c d CV

UT, UC E0 E∗ GPa 19.32 – 0.68 – – 0.10

UT σ0.05 HIT MPa 79.03 – 1.77 – – 0.13

UT ε0.05
HIT

E∗
– 0.00465 – – – – 0.11

UT σu HIT MPa 100.76 – 1.40 – – 0.09

UT Wult Wtot kJm-3 1.37 – – – – 0.41

UC σ0.05 HIT MPa 125.70 – 1.48 – – 0.12

UC ε0.05
HIT

E∗
– 0.00688 – – – – 0.13

UC σu HIT MPa 180.46 – 2.59 – – 0.07

UC Wult Wtot kJm-3 1.67 – 5.34 – – 0.37

TR µ0 E∗ GPa 6.71 – 1.74 – – 0.07

TR τ0.05 HIT MPa 36.66 – 2.58 – – 0.09

TR γ0.05
HIT

E∗
– 0.00596 – 0.76 – – 0.05

TR τu HIT MPa 53.19 – 2.42 – – 0.09

describe a well established ECM of an elderly cohort. This confirms results obtained388

for ECM of paediatric donors (Gamsjaeger et al., 2014) where no dependence on389

donor age could be found. With respect to the relative mineral content, the inde-390

pendence of age is furthermore in line with findings of Boivin and Meunier (2002).391
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However, Gamsjaeger et al. (2014) also investigated newly forming bone where a sig-392

nificant dependence of all investigated parameters on tissue age, i. e. tissue maturity,393

was found. This may indicate that chemical composition as measured by Raman394

spectroscopy reaches a stable condition that is maintained throughout life. It was395

found that Raman spectra change with tissue age and that these changes can be396

related to decreasing mechanical competence. The phosphate bands relative to ma-397

trix collagen and crystallinity increased with tissue age in rats ranging in age from398

3 to 24 months (Akkus et al., 2004). Hence, forming bone shows differences in the399

chemical composition that are not present in elderly ECM.400

Our results for crystallinity were comparable to results obtained by Kim et al.401

(2014) and only slightly higher than those reported by Yerramshetty and Akkus402

(2008). Our mineralisation ρMM was comparable to the average mineralisation re-403

ported by McCreadie et al. (2006). Kim et al. (2014) identified reduced tissue stiffness404

and mineralisation in an osteoporotic cohort that was significantly older than a non-405

osteoporotic control cohort (totally 11 donors). This is in contrast with our results406

where ageing seems not to affect microscale mechanical tissue properties or mineral407

content of the ECM. However, Kim et al. (2014) drove the indentations to 0.5 mN408

which is at least an order of magnitude lower than our loads, rendering a proper409

comparison difficult. The low indentation load may have lead to spurious surface410

artefacts that could have biased the results. The indentation modulus was slightly411

higher than ours which may be due to the alcohol dehydration and embedding of412

the specimens. The mineral to matrix ratio was not comparable to our data since413

v1PO4 was divided by the CH2 band in their study. We decided against analysing414

CH2 since it appeared as a right headed distribution while amide I better resembled415

a Gaussian. Finally, the age dependence was weak (p = 0.053), so that the used416

cohort may have been too small to conclude on an age dependence. Nevertheless the417

authors found no dependency of crystallinity on age which is in line with our results.418

Yerramshetty et al. (2006) identified age dependent mineral to matrix ratios in an419
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elderly male cohort of 16 donors. The variation around their mean mineral to matrix420

ratio was less than ±10 %. The independence of crystallinity on age was in line with421

our results.422

Gamsjaeger et al. (2011) point out that determining the ratio v1PO4/amide I423

is orientation dependent which seems not to be the case for the integrated area424

of v2PO4/amide III. However, we only used samples in axial direction which have425

been well aligned and averaged over 10 measurements. With this we exclude a426

directional impact coming solely from the specimen direction. A further impact427

of the direction within the axial samples on the measurements should have been428

averaged out by the number of tests per sample. Furthermore, if the orientation of429

the collagen network would have been age dependent it should have been observable430

in E∗ as well. Clearly this measure is anisotropic as axial and transverse specimens431

are significantly different. Since there is no dependence we conclude that possible432

directional effects are negligible. We averaged over interstitial and osteonal bone433

and neglect, therefore, the difference in tissue age. For a composition analysis of the434

specimens under investigation as a whole, this should be sufficient.435

From the morphological analysis, microstructural properties such as porosity436

(1 − ρ), cement line density (ρCL), number of osteons (nosteon) and osteon diameter437

(dosteon) were calculated and analysed as a function of age and gender. The morpho-438

logical parameters were found to be independent of gender which is in accordance439

with results of Thomas et al. (2005); Britz et al. (2009) if compared for the same440

age range as for the cohort in this study. A significant correlation between age and441

porosity (p = 0.04) was found confirming the results of McCalden et al. (1993);442

Zioupos (2001); Malo et al. (2013). The significance, however, is lost if the female443

point at 46 years is removed (Figure 3). This is due to the relatively low number of444

donors younger than 60 years. The age of the 46 years old donor, however, did not445

violate the outlier criterion so that it was not excluded from the analysis. Never-446

theless, the tested age range is considered relevant since musculoskeletal diseases are447
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most prevalent in the elderly. The porosity, however, was lower as for instance in448

McCalden et al. (1993) where female donors showed porosity values of almost 30 %449

in specimens from a similar location in the femur.450

It has been shown in the past that osteon size and number of osteons were signifi-451

cantly influenced by ageing leading to more and smaller osteons in older bones (Ort-452

ner, 1975; Evans, 1976; Burr, 1992; Havill, 2004). However, no significant correlation453

was found between age and osteon diameter or osteon number in the elderly cohort454

studied in this work (p > 0.05). Again, this could be due to the the relatively low455

number of donors younger than 60 years. When comparing our results for nosteon to456

the results of Kerley (1965) who presented a correlation over an age range of 0 to 100457

years, we observe a distribution with a plateau between 60 and 100 years which is458

similar to our cohort. In addition, variation in microstructural properties of mature459

bone have been shown to be independent of age (Ortner, 1975; Burr, 1992). The460

cement line density was found to change as a function of age which is in line with461

conclusions in Zimmermann et al. (2011).462

The misalignment between the direction of the largest fabric eigenvalue and the463

cylindrical main axis of the tested macroscopic samples was less than 6°. In addition,464

the small variation of the degree of anisotropy (Table 1) indicates a homogeneous465

orientation distribution of porosity. Thus, the specimens can be considered properly466

aligned and suitable for the macroscopic tests. Also, the representation of porosity467

by a scalar instead of a tensor is justified in the case of an uniaxial test.468

Microindentation properties were found to be independent of age (p > 0.05)469

except for indentation hardness HIT of interstitial tissue indented in axial direction.470

The independence of age corresponds well to the reports of (Zysset et al., 1999;471

Hoffler et al., 2000; Wolfram et al., 2010a,b). In contrast to an earlier study on472

trabecular bone (Wolfram et al., 2010a), the plastic to total work ratio did not473

change as a function of age. However, age groups were compared in the earlier474

study, which could lead to spurious significance depending on the chosen age cutoff.475
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The indentation direction was found to be a significant parameter (p < 0.05) for all476

measurements except HIT confirming the anisotropy of bone on the lamellar level477

reported in several studies in the past (Franzoso and Zysset, 2009; Wolfram et al.,478

2010a; Reisinger et al., 2011; Schwiedrzik et al., 2014; Schwiedrzik and Zysset, 2015).479

The lack of anisotropy in hardness arises from the multiaxial stress state under the480

indenter obscuring the anisotropy in yield properties and is in line with a study481

on indentation in anisotropic single crystals (Vlassak and Nix, 1994). In the axial482

direction, significant differences were found between interstitial and osteonal bone483

(p < 0.05). This is in line with earlier studies, which reported an increased hardness484

in interstitial tissue and attributed this difference to a higher degree of mineralisation485

due to an increased tissue age (Zysset et al., 1999; Schwiedrzik and Zysset, 2015).486

In the transverse direction, small but significant differences were found between487

male and female donors for indentation hardness HIT , hardness to modulus ratio488

HIT /E∗ and plastic to total work ratio Wplast/Wtot (p < 0.05). This has not been489

reported in the past and it may be attributed to a different number of interstitial490

sites in both groups. Unlike axial indentations, transverse indentations are prone to491

sampling errors between osteonal and interstitial tissue as both tissue types cannot492

be clearly distinguished. An additional reason could be swelling of the surface in493

transverse direction which is known to lead to artefacts (Spiesz et al., 2012). It494

was shown that the viscous properties of bone may be gender dependent (Wu et al.,495

2012). However, the reported dependence was as weak as the one found in the496

present study. Finally, the differences observed here are smaller than 15 % with497

mutually overlapping standard deviation ranges (Table 2). Together with the gender498

independence of the axial osteonal and interstitial properties, that were obtained499

under more controlled conditions, we conclude that the observed gender dependence500

in transverse direction is at least questionable if not absent.501

The indentation data of this study could confirm trends seen in earlier studies502

on cortical bone (Rho et al., 1997; Zysset et al., 1999; Rho et al., 2002) with a503
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considerably larger number of donors and in two anatomical directions under fully504

hydrated conditions. Bone properties at the lamellar level were shown to lie within505

a reasonably constant band with significant differences between younger and older506

tissue (osteonal vs. interstitial), but donor age did not play a significant role. This507

means that there is no change in bone quality measurable by microindentation with508

age, although Zioupos and Currey (1998) and Zimmermann et al. (2011) have shown509

deterioration of post-elastic and fracture mechanics properties by ageing using dif-510

ferent methods. Therefore, macroscopic strength deterioration must be caused by511

effects other than ECM deterioration, e.g. increased crack or interface densities or a512

change in porosity.513

Microscopic investigations at the tissue level have shown that mineral heterogene-514

ity has only a minor effect on the mechanical behaviour of bone (Roschger et al.,515

2008; Gross et al., 2012; Spiesz et al., 2013). Furthermore, only a weak positive516

correlation between hardness (Boivin et al., 2008) as well as stiffness (Raum et al.,517

2006) and tissue mineralisation was found. Our results do not support such a relation518

as no indentation property was dependent on mineral content ρMM or crystallinity.519

This is in contrast with the results of Kim et al. (2014) where a weakly significant520

correlation between indentation modulus and the mineral to matrix ratio ρMM was521

found. However, the points discussed above also apply for the mineral content. On522

the other hand the indentations and the Raman analysis was not locally matched. It523

would be interesting to know if such a local one-to-one study yields a correlation. In524

fact, a confocal optic with a finite focus diameter of 0.8 µm was used. With a layer525

thickness of 78.3 µm a cylindrical interaction volume of 39 µm3 can be approximated.526

The actual interaction volume should be closer to a conic section. This interaction527

volume is smaller than the tested indentation volume which can be approximated528

as a semi-sphere with a diameter of 10 µm giving an interaction volume of approxi-529

mately 261 µm3. Several Raman measurements per donor were averaged as in case530

of the indentation results. Therefore, the correlation between both methods should531
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be possible. The relatively small variation of micromechanical properties measured532

by microindentation with donor age in the course of this study further support the533

small impact of heterogeneous mineralisation. Finally, our Raman data shows that534

the mineralisation has a similar small variation. This means micromechanical prop-535

erties and mineral content are rather constant so that no correlation between the536

two can be found.537

Macromechanical properties of human cortical bone such as elastic modulus,538

yield stress and yield strain, ultimate stress and strain for tension and compression539

as well as for torsion are well comparable to the literature (Carter et al., 1981;540

Pattin et al., 1996; Kotha and Guzelsu, 2003; Zioupos and Currey, 1998; Reilly and541

Burstein, 1975; Jepsen et al., 1999). Elastic modulus (E0), yield stress (σ0.05), yield542

strain (ε0.05), strength (σu), and ultimate work Wult were independent of gender.543

Elastic modulus, strength and yield stress were significantly correlated to poros-544

ity, while yield strain in tension and compression were not. This is in line with earlier545

findings (Evans, 1976; Schaffler and Burr, 1988; Currey, 1988; Wachter et al., 2002;546

Bayraktar et al., 2004; Doblar et al., 2004; Hayes and Carter, 1976; Wachter et al.,547

2001b). However, the dependence on donor age was not as strong as expected (Mc-548

Calden et al., 1993; Zioupos and Currey, 1998; Currey, 2002). This may be due to549

the elderly donor cohort and ultimately attributed to the weak tendency of porosity550

with age in the investigated material.551

Interestingly, the ratio between yield strain in tension and compression was 0.68552

for both the 0.05 % and the 0.2 % criterion. This was close to 0.66 found numerically553

on the tissue level for trabecular bone (Gross, 2014). In contrast to the tensile554

or compressive case, there was a significant correlation between yield strain and555

porosity in torsion. This may be caused by the interaction of the loading condition556

and the sample geometry. A higher porosity implies more sectioned osteons at the557

circumferential surface of the sample. This leads to the presence of weak interfaces558

and preexisting surface cracks in the most stressed area, which might lead to a559
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decrease of apparent yield strains compared to a pristine sample.560

Strength in compression decreases much faster with porosity than in tension or561

torsion. When comparing this to the data for yield stress, where this is not the case562

(Figure 6), this indicates a potential artefact of the experimental conditions. For563

both tension and torsion, the sample is aligned by the applied load. For compressive564

loading, the system tends to become unstable after reaching yield. The appearance565

of microcracks is accompanied by the localisation of the deformation in a pore driven566

plastic hinge and a change from a homogeneous stress state over the cross-section567

into a state of plastic buckling, which can lead to a decreased strength. This process568

may be amplified by a higher porosity, as it can act as a stress concentrator and569

decreases the lateral support of locally buckling regions.570

We did not find correlations between any macromechanical properties and os-571

teon number or diameter. This was unexpected since a correlation between osteon572

diameter and work-to-fracture from a Chevron notch experiment (Moyle and Bow-573

den, 1984) suggests such a dependence. Although morphology and composition of574

the cement interface (Burr et al., 1988; Schaffler et al., 1987; Skedros et al., 2005)575

and its possible mechanical role in fracture of osteonal bone as a local interface and576

crack arrestor or stress concentrator (Nobakhti et al., 2014; Yeni and Norman, 2000;577

Burr et al., 1988; Ebacher and Wang, 2009) has been widely debated, we did not578

find a significant correlation between cement line density and macroscopic mechan-579

ical properties either. This inconsistency maybe explained by the different kind of580

testing utilised. The role of this interface has been investigated in fracture mechan-581

ics experiments where notches are exploited to start macrocracks that are strongly582

influenced by the cement interfaces (Nalla et al., 2003). Such a notch was miss-583

ing in our experiment and failure started by development of many microcracks in584

different regions of the sample that coalesced into macrocracks at a later stage of585

the experiment only. This explains the lack of correlation of pre-failure properties586

with interface density and indicates that the cement interface is important for crack587
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propagation and not initiation.588

To correlate micromechanical, microstructural, chemical, and macro-589

scopic mechanical properties we chose a multiplicative power law relationship590

based on the assumption that the chosen variables are independent. ρ represents591

the bone volume fraction, which has been shown to correlate with bone mechanical592

properties in the past. ρCL represents the fraction of weak interfaces, where micro-593

cracks can be both started and stopped during loading (Schaffler et al., 1987; Burr594

et al., 1988; Currey, 2002; Ebacher and Wang, 2009). ρMM represents the relative595

mineralisation of the ECM. Including micromechanical properties in the analysis is596

a natural choice aiming at predicting macroscopic mechanical properties. Thus, a597

combination of these variables in a power law offers the chance to span two scales598

and discriminate dominant features determining macroscopic mechanical properties.599

This follows earlier efforts to do so for the stiffness of cortical bone (Schaffler and600

Burr, 1988; Currey, 1988; Dong and Guo, 2004).601

Neither the micromechanical properties, nor the cement line density, nor the602

mineralisation ρMM were significant parameters in the model for any mechanical603

property leaving only the intercept X0 and the bone volume fraction ρ. Zysset et al.604

(1999) found a significant difference of E∗ and HIT between the femoral diaphysis and605

femoral neck. A reason could be a different lamellar setup or different remodelling606

rates in these two sites. Whether porosity and intercept are the only significant607

parameters in correlations of micromechanical, microstructural and macromechanical608

properties in other sites such as the neck needs to be shown by an own experiment609

which is difficult to perform due to the thin cortical shell.610

Fitting the elastic modulus in tension and compression resulted in an intercept611

of 19.32 GPa. This is similar to the mean apparent modulus in axial direction E33612

of 19.87 GPa obtained from fitting a transversely isotropic stiffness tensor to the613

indentation data (Appendix D, Figure 10). Similarly, the shear stiffness intercept of614

6.71 GPa was found to be only slightly higher than the mean tissue shear modulus of615
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5.73 GPa identified from the stiffness tensor (Figure 10). Yerramshetty and Akkus616

(2008) associated mineral crystallinity and macroscopic stiffness of cortical bone and617

found a significant relation. This was not the case for our data. The results of the618

fatigue tests performed by Yerramshetty and Akkus (2008) may have been biased by619

preexisting microcracks since a scale effect exists in bone (Schwiedrzik et al., 2014).620

In the case of strength and yield stress, the intercepts are larger than the mean621

values, as they reflect properties of a fictitious non-porous material. In case of622

compression, the intercept for strength is slightly higher than the value proposed623

by Carnelli et al. (2011) for ECM of bovine bone. As the properties reported by624

Carnelli et al. (2011) are inferred from back-calculation of microindentation data,625

they suffer from a potential lack of uniqueness and are not necessarily representative626

of the properties on the lamellar level. On the other hand, the intercept inferred from627

this study represents a poreless piece of material of macroscopic dimensions. This628

explains the large difference encountered when comparing it to the values obtained by629

micropillar compression experiments of ECM on the microscale (Schwiedrzik et al.,630

2014) demonstrating the presence of a considerable sample size effect in bone.631

Interestingly, the ratio of indentation hardness HIT to tissue yield stress σ+
y in632

tension is 5.76 and σ−

y in compression 3.62. This ratio HIT /σ±

y is called the constraint633

factor in the literature (Fischer-Cripps, 2002). It has been reported to be in the634

range of 1.5 for brittle materials like glasses (Fischer-Cripps, 2002), while for poly-635

crystalline metals, which show pressure-independent yielding, it is a function of the636

plasticity index σ−

y /E∗ (Johnson, 1985; Fischer-Cripps, 2002). For a small plasticity637

index, the indentation is mostly plastic, which results in a constraint factor of 2.5 – 3,638

with 3 being an upper limit for materials following a von Mises criterion (Fischer-639

Cripps, 2002). However, for cohesive-frictional materials like bone (Tai et al., 2006)640

featuring a pressure-dependent yield point, the constraint factor HIT /σ−

y can reach641

values larger than 3 and depends on the friction angle as well as the elastic to total642

work ratio (Rodríguez et al., 2012). When using the constraint factor of 3.62 and643
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the elastic to total work ratio of 0.25 determined in this study for bone tested in the644

axial direction, it may be concluded that the friction angle of bone should be in the645

range of 30 – 36°. Earlier studies using a Mohr-Coulomb criterion reported a friction646

angle in the range of 12 – 18° (Tai et al., 2006; Wang et al., 2008). The discrepancy of647

these results with the current study may be explained by the effect of specimen size648

on the yield and strength properties of bone, which has been shown experimentally649

recently using in situ micropillar compression (Schwiedrzik et al., 2014). This means650

that the constraint factor determined using hardness and yield stress determined on651

the microscale would be considerably lower leading to a smaller friction angle, which652

is consistent with Tai et al. (2006) and Wang et al. (2008).653

It has to be noted that only 8 % of elastic modulus’ variation in axial direction654

and 47 % of shear modulus’ variation can be explained by porosity. Furthermore,655

porosity explains 24 %, 74 % and 49 % of the variation of strength in tension, com-656

pression and torsion, respectively. After accounting for porosity, coefficients of vari-657

ation of between 5 and 13 % for stiffness, yield and ultimate stress and strain were658

found (Table 4), which is remarkably constant. However, in case of ultimate work659

in tension and compression coefficients of variation of 37 and 41 % were attained,660

respectively. This implies that macroscopic stiffness and strength were estimated661

with a relatively good approximation (maximally 13 % variation) with a measure of662

porosity for the whole population. This is not the case for mechanical work where663

the coefficients of variation remain high even after correction for porosity. This may664

be due to differences in the distribution of existing interfaces. According to Currey665

(2002) the variability in ultimate work is strongly influenced by the amount of cracks666

and the way and speed at which they travel through the tissue. The variability in667

the mechanical work reflects the load bearing capabilities up to failure including668

pre-existing submicroscopic defects. These defects are not detected during microin-669

dentation as the defects are located near interfaces, while indentations are performed670

in bulk material and the tested volume is very small.671
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When relating ultimate work and total indentation work, only X0 was significant672

in tension, while in compression both X0 and ρ were significant. Again, compression673

may lead to the localisation of the deformation in a plastic hinge which may lead to674

plastic buckling. This shifts the loading from a uniaxial compression to a bending675

state. This shift should be highly influenced by existing porosity and may explain676

the sensibility. The coefficient of variation for these models was 37 and 41 % which677

indicates a weak role of porosity in explaining the variation of these measures.678

One could conclude that microindentation is mainly compressive and includes a679

large hydrostatic component. Therefore, it does not necessarily capture all relevant680

loading modes encountered in a macroscopic sample. However, the chosen correla-681

tions are a natural choice since it was shown that the ECM behaves in a plastic682

fashion (Schwiedrzik et al., 2014; Luczynski et al., 2015) and the variables should683

correlate unless the microstructure dominates the response. The poor correlations684

between the chosen variables indicate by means of elimination that macroscopic fail-685

ure must be dominated by a structural feature. It was shown that the presence of686

defects could indeed explain the difference in material behaviour (Schwiedrzik et al.,687

2014). The authors proposed a model where the macroscale properties were given688

by a uniform distribution of defects and a normal distribution of the material prop-689

erties at the ECM level. If the ECM properties vary slightly in this model, the690

overall macroscopic response is much less affected than due to the uniform distribu-691

tion of the existing defects. Therefore, our results support the idea that pre-existing692

defects dominate failure and that sample specific microindentation experiments are693

not able to capture the individual failure point. At least one paper found a relation694

between macroscopic tensile toughness and preexisting microcracks (Norman et al.,695

1998). However, the relation was weak which could suggest that other factors are of696

importance that were not addressed in this study.697

Nevertheless, recent developments in osteoporosis diagnostics exploit indentation698

strategies to discriminate individual patients at risk of fracture (Diez-Perez et al.,699
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2010). These indentations are an order of magnitude deeper than the ones performed700

in our study. The affected indentation volume features a semi-ellipsoid of approxi-701

mately nine times the indentation depth under the tip and a radius of about seven702

times the indentation depth (Hengsberger et al., 2002). Therefore, these indentations703

create microcracks (Setters and Jasiuk, 2014) and are affected by lacuno-canalicular704

porosity, individual osteons, and cement lines which may explain the increased sen-705

sibility of these measurements. However, based on the data reported in this study it706

may be concluded that microindentation experiments in the order of 1 µm indenta-707

tion depth are not a good discriminator for conditions decreasing macroscopic bone708

strength in the elderly.709

In conclusion, this exhaustive study consisting of multiple macro- and microme-710

chanical tests, µCT, histomorphometry as well as Raman spectroscopy confirms that711

porosity is the major significant but often weak determinant of macroscopic tensile,712

compressive and torsional mechanical properties of human cortical bone. The com-713

positional and indentation properties at the ECM level appear essentially indepen-714

dent of age and gender, but it should be emphasised that preexisting microdamage,715

bound water and collagen cross-links were not quantified in this study. The results716

suggest that another structural feature such as preexisting microdamage might play717

a decisive role in the post-yield and fracture behaviour of cortical bone.718

The presented data can help to form a better understanding of the mechanisms719

through which and the length scale at which bone tissue is affected by ageing. This720

knowledge may be used for prediction of fracture risk in the elderly in the future.721

Furthermore, such knowledge may be helpful for the development of numerical tools722

to predict overall bone strength or the development of biomaterials mimicking the723

mechanical properties of bone tissue at several length scales.724
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A. Clinical Density Information725

Dual energy X-ray absorptiometry (DEXA) data for each femur was obtained726

(Discovery QDR, Hologic Inc., USA) in an earlier study (Dall’Ara et al., 2013). Nor-727

mal, osteopenic, and osteoporotic donors were identified based on the total femoral728

neck areal bone mineral density (aBMD) using cut-off values of 0.82 for a T-Score of729

-1 and 0.637 for a T-score of -2.54. To investigate a possible impact of osteoporosis730

on endocortical porosity, we correlated the porosity measured by µCT averaged for731

each donor with the BMD in the femoral neck.732

aBMD of the femoral neck determined for each donor by DEXA was available733

and a significant correlation between aBMD and endocortical porosity was found734

(R2 = 0.18, p < 0.05). However, the cohort contained osteoporotic bones with both735

very low and comparatively high cortical porosity (Figure 7).736

Due to the increased surface to volume ratio and a higher remodelling rate (Erik-737

sen et al., 1994), trabecular bone is more strongly affected by resorption and, thus, a738

faster bone loss would be expected compared to cortical bone (Brandi, 2009). Nev-739

ertheless, bone loss due to osteoporosis may lead to thinning of cortical tissue from740

the endosteal site. We produced specimens that were fully cortical and tried to avoid741

trabecularised tissue. This may be a further reason why osteoporotic donors with a742

low porosity were found. However, we also found normal donors with a high porosity743

in cortical bone. This may be explained by possible effects of personal lifestyle or744

general medical history of the donors, e.g. a lack of regular exercise, healthy nutri-745

tion, etc. Chemical composition as well as porosity was checked for each donor and746

did not indicate suspicious specimens.747

Finally, an ANOVA between the microindentation properties and aBMD of the748

femoral neck revealed no significant dependence of E∗, HIT , HIT /E∗ or Wplast/Wtot749

4The analysis was performed according to http://courses.washington.edu/bonephys/opbmd.html#tz
last visited March 27, 2015.
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on the pathology. This means that osteopenia and osteoporosis do not affect the750

ECM micromechanical properties of cortical bone as measured by microindentation,751

at least in the femoral midshaft. Whether or not these properties are changed within752

the femoral neck cannot be deduced from the dataset of this study.753

B. Histological Specimen Preparation754

Bone samples were submerged in a 37 % formaldehyde fixation solution for 14755

hours. Subsequently, they were rinsed 4 times with tap water for 60 minutes and756

dehydrated with an Ethanol series of 70 %, 80 %, 96 % and absolute Ethanol. Dur-757

ing the process of dehydration, samples were placed on a shaker. Subsequently,758

samples were submerged in xylol under vacuum over night. The pieces were then759

transferred to a clean glass jar with the cutting side towards the bottom of the jar.760

Polymethyl-methacrylate (PMMA) was added to the jar and filled to approximately761

20 mm above the sample. The solution consisted of 0.5 gr perkadox 16, 89.5 ml762

methyl methacrylate, and 10 ml dibutyl phthalate. The infiltration process took 1763

day while the samples were placed under low vacuum at 4°C. During polymerisation,764

the samples were placed under a hood without further movement to avoid formation765

of bubbles. After polymerisation, the jars were transferred to an oven (UE400, Mem-766

mert GmbH + Co. KG, Germany) and cured at 60 °C for about 2 hours without a767

lid. At the end, samples were cooled down, the glasses were broken and embedded768

bone specimens were retrieved.769

Bottom surfaces of the embedded undecalcified bones were flattened using an770

ultra-miller (Reichert-Jung Polycut E, Germany) and a transverse slice of approxi-771

mately 1 mm thickness was cut using the band saw. The ultra-milled side of the slice772

was glued to a microscopy slide using cyanoacrylate. The other sideo f the slice was773

ultra-milled until a thickness between 70 to 130 µm was reached. On each carrier774

slide, three specimens were placed in a triangular shape. Milling was performed at775

a spindle speed of 750 rpm, a cutting speed of 1.5 mm/s, a feed of 100 µm in each776
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step, and 10 µm for the last two steps.777

For the modified Von Kossa staining procedure we used the following protocol:778

(i) etching with formic acid 0.25 % 10 min; (ii) 5 % silver nitrate solution under779

bulb light 60 min; (iii) rinse in demineralised water 3x; (iv) 5 % Sodium carbonate-780

formaldehyde 2 min; (v) rinse in running tap water 10 min; (vi) rinse in demineralised781

water 1x; (vii) 1 % sodium thiosulfate 4 min; (viii) rinse in running tap water 5 min;782

(ix) rinse in demineralised water 1x; (x) 1 % Nuclear Fast Red 5 min; (xi) rinse in783

demineralised water 1x; (xii) rinse in 80 % Ethanol 1x; (xiii) rinse in 96 % Ethanol784

1x; (xiv) rinse in absolute Ethanol 1x. An example on the results is given in Figure 8.785
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Figure 1: The study overview illustrates the combination of the different experimental techniques
used on different length scales.
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Figure 2: Raman analyses of the microindentation samples showed no significant dependence on
donor age or gender for the relative amount of mineral and its maturity/crystallinity.
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Figure 3: Porosity 1 − ρ (top left) and histological cement line density ρCL (top right) showed
a significant correlation with age while osteon diameter dosteon (bottom left) and the number of
osteons nosteon (bottom right) did not. Solid circles represent male, hollow circles female donors.
As morphological properties are independent of gender, the regression analysis was performed on
the pooled dataset.
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Figure 4: Donor averaged indentation measurements of axial osteonal (dark green), axial interstitial
(blue violet), and transverse samples (brown) as a function of age. Solid lines indicate a significant
correlation.
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Figure 5: Distribution of macromechanical properties as a function of donor age. Elastic modulus
for uniaxial tension (UT) and uniaxial compression (UC) are pooled (black points). Loading modes
are distinguished by colour: red for UT, blue for UC, and green for torsion (TR). No significant
difference between male (solid circles) and female donors (hollow circles) was found.
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Figure 6: Distribution of macromechanical properties as a function of porosity. Elastic modulus for
uniaxial tension (UT) and uniaxial compression (UC) are pooled (black points). Loading modes
are distinguished by colour: red for UT, blue for UC, and green for torsion (TR). No significant
difference between male (solid circles) and female donors (hollow circles) was found.
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Figure 7: Areal BMD in the proximal femur as measured by dual energy X-ray absorptiometry
is negatively correlated to endocortical porosity from the diaphysis of the same femurs. Dashed
vertical lines illustrate the cut-off values to identify normal (T-Score > −1), osteopenic (−1 >
T-Score > −2.5), and osteoporotic (−2.5 > T-Score) donors.
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Figure 8: Transverse cross section of cortical bone of a 96 year old female donor before (top row)
and after staining (bottom row). The section has a thickness of 100 µm.
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Figure 9: figure

The exemplary band fits shown for one spectrum of a 60 year old male donor illustrate
how the Gaussian functions were fitted to evaluate the v1PO4 and the amide I band.
Note that the left shoulders in the v1PO4 distribution are avoided by including only
those points right of the full width half maximum in the fitting.
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Figure 10: figure

Visualisation of the transverse isotropic (five independent constants) tissue stiffness
tensor S for human cortical bone. The tensor was obtained by fitting the average
axial and transverse plane strain moduli measured by indentation using the method
of Franzoso and Zysset (2009). The shape of the ellipsoid represents the elongation
modulus and the colour coding depicts the bulk modulus (He and Curnier, 1995;
Wolfram et al., 2010a).

59



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Whole bone

Macroscopic Tissue Level

Donor Material:

19 male + 20 female

median age 77 years

46 to 99 years

R 1.5 mm

6.5 mm

µCT - Morphology

Histology

0.000 0.005 0.010 0.015 0.020 0.025

0
1
0
0

2
0
0

Macroscopic Mechanical Tests

|σ
| 
in

 M
P

a

Strain ! in mm/mm 

tension
compression
torsion
Mean

bone volume fraction "

degree of anisotropy DA

cross sectional area A

stiffness E, µ

yield stress #y

yield strain !y

ultimate stress #u

utlimate strain !u

utlimate work Wu

cement line density "CL

number of osteons nost

osteonal diameter dost

Microscopic Tissue Level

C
o
u
n
ts

Wavenumber in 1/cm

0
1
0
0

2
0
0

Raman Spectroscopy

500 1000 1500 2000

v1PO4 amide I

Dumbbell Specimen

Microindentation Specimen

2 - 3 mm thick 

parallelepiped

plane strain modulus E*

indentation hardness HIT

H/E*

plastic work Wpl

total work Wtot

Wpl/Wtot

mineral/matrix ratio "MM

crystallinity

Parallelepipeds from

anterior-lateral region

torsion

compression

tension

Statistical Analyses:  (i) microindentation tests vs. Raman data

(ii) macroscopic mechanical tests vs. microindentation + µCT + histology + Raman data
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Key Findings: tissue microindentation properties independent of age, with minor exceptions 

gender, and mineralisation

microindentation experiments predict macroscopic mechanical properties only on 

average and not on one to one basis
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