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a b s t r a c t 

Bone is a natural composite possessing outstanding mechanical properties combined with a lightweight 

design. The key feature contributing to this unusual combination of properties is the bone hierarchical or- 

ganization ranging from the nano- to the macro-scale. Bone anisotropic mechanical properties from two 

orthogonal planes (along and perpendicular to the main bone axis) have already been widely studied. 

In this work, we demonstrate the dependence of the microscale compressive mechanical properties on 

the angle between loading direction and the mineralized collagen fibril orientation in the range between 

0 ° and 82 °. For this, we calibrated polarized Raman spectroscopy for quantitative collagen fibril orienta- 

tion determination and validated the method using widely used techniques (small angle X-ray scattering, 

micro-computed tomography). We then performed compression tests on bovine cortical bone micropillars 

with known mineralized collagen fibril angles. A strong dependence of the compressive micromechani- 

cal properties of bone on the fibril orientation was found with a high degree of anisotropy for both the 

elastic modulus ( E a / E t = 3 . 80 ) and the yield stress ( σ y 
a / σ

y 
t = 2 . 54 ) . Moreover, the post-yield behavior 

was found to depend on the MCF orientation with a transition between softening to hardening behavior 

at approximately 50 °. The combination of methods described in this work allows to reliably determine 

structure-property relationships of bone at the microscale, which may be used as a measure of bone 

quality. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Abbreviations: MCF, mineralized collagen fibril; MTLT, mineralized turkey leg 

endon; PRS, Polarized Raman spectroscopy; qPRS, quantitative Polarized Raman 

pectroscopy; FWHM, full width at half maximum; SNR, signal to noise ratio; EFM, 

xtrafibrillar matrix; NCP, non-collagenous proteins; ROI, region of interest; SAXS, 

mall Angle X-ray Scattering; Micro-CT, Micro-computed tomography; FIB, focused 

on beam; SEM, scanning electron microscope; STEM, scanning transmission elec- 
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quantitative estimation of local fibril orientation and investi- 
gating its effect on the compressive micromechanical proper- 
ties of isolated bone lamellae. Elastic modulus, yield strength, 
and post-yield characteristics were found to depend strongly 
on fibril orientation and could be well described by estab- 
lished composite models. The combination of methods de- 
scribed in this work can be used in future to assess bone 
quality by identifying tissue-scale structure-mechanical prop- 
erty relationships. 

. Introduction 

Bone possesses outstanding mechanical properties as a result 

f its well-organized hierarchical structure and composition. How- 

ver, metabolic bone diseases, like osteoporosis, drastically affect 

he bone structure and mechanical properties, leading to an in- 

rease in bone fragility. As the life expectancy of the population 

ncreases, so will the incidence of osteoporosis and fragility frac- 

ures [ 1 , 2 ]. Beyond quantity, bone fracture is predetermined by 

he bone quality, i.e. the combination of various parameters con- 

ributing to fracture resistance. At the moment, research groups 

ll over the world are investigating various bone quality param- 

ters that may lead to better bone fracture prediction [ 3 , 4 ]. Re-

ently, attempts were made to correlate both bone composition 

nd mechanical properties at different length scales with patient 

ge, gender and bone metabolism state [5] . As there are numerous 

nterdependent factors contributing to the bone quality, a promis- 

ng approach for quantifying bone quality lies in the identification 

f tissue-scale structure-property relationships. 

Hierarchical structure of bone. Bone is a composite biomate- 

ial, made of mineral crystals (hydroxyapatite, 50-60 wt.%), pro- 

eins (mainly collagen type I, 30-40 wt.%) and water (bound and 

nbound, 10-20 wt.%) [6–8] . Each of these components contribute 

o the overall bone mechanical properties. Aligned mineralized 

ollagen fibrils (MCF, ~30-300 nm in diameter) with intra- and 

xtra-fibrillar hydroxyapatite crystals form sub-lamellar sheets (~1 

m thickness), a stack of which is called a lamella (~3-7 μm 

hickness). Further up the scale, lamellae form trabecular pack- 

ts in cancellous bone, whereas in cortical bone concentric cylin- 

rical layers of lamellae arranged around a central blood ves- 

el form osteons (~200 μm in diameter). Lamellae may be con- 

idered as the main building blocks of bone and their mechan- 

cal properties are critical in defining overall bone mechanics 

9] . 

Quantitative analysis of bone fibril orientation. Thanks to the 

ecent progress in biomedical imaging, various modalities have 

een used for visualizing the spatial arrangement of MCF [10] . 

ome of the most frequently used techniques are polarized light 

icroscopy [11] , second harmonic generation microscopy [ 12 , 13 ], 

ransmission electron microscopy [14] and small angle X-ray scat- 

ering (SAXS) [ 13 , 15 ]. However, those methods require complex 

ample preparation and do not provide additional information 

n the local chemical composition. Polarized Raman spectroscopy 

PRS) is a powerful non-destructive imaging technique that has 

een long applied in compositional analysis in bone research. Ra- 

an spectroscopy allows to detect the frequency shifts of inelas- 

ically scattered light coming from the specimen exposed to a 

onochromatic light source, usually a laser. The resulting Raman 

ands are assigned to vibrations of characteristic chemical bonds, 

here for bone the bands of interest can be found in the range 

rom 40 0-180 0 cm 

−1 . Until now, polarized Raman spectroscopy has 

rovided mostly qualitative information about spatial orientation 

f collagen fibrils in cortical bone [16–19] . In this work, we demon- 

l

391 
trate that quantitative information can also be obtained in 3D, 

hich we independently verify by SAXS, and then correlate with 

echanical properties. 

Mechanical properties of bone are strongly affected by the 

one composition and structural anisotropy [20] . As an example, 

hanges in the collagen network may lead to significant variations 

n the bone bending strength, elastic modulus, and work to frac- 

ure [21–23] . Recent studies show how bone elastic and post-yield 

echanical properties are furthermore affected by variations in 

ater content [ 24 , 25 ]. Bone mineral density (BMD) has been long 

mployed in clinics for the indirect assessment of the mechanical 

ehavior of bone and individual patient fracture risk estimations 

 26 , 27 ], however, it does not take into account the spatial distri-

ution of bone material, structural anisotropy, or tissue properties. 

he hierarchical structure of bone leads to anisotropy of its me- 

hanical properties. Bone fracture is a multiscale process and needs 

o be studied at all relevant scales. The dependence of macroscale 

echanical properties of cortical bone on the loading direction has 

een investigated for half a century and is mainly related to the os- 

eonal orientation [28] . Later, the anisotropic mechanical properties 

f single osteons were identified [ 29 , 30 ], demonstrating the impor- 

ance of lamellar organization in governing the osteonal mechan- 

cal response. Over the past four decades, the directional depen- 

ence of mechanical properties has been studied more extensively 

t the length scale of a bone lamella [31–34] , which is signifi- 

antly affected by the underlying MCF orientation. Although lamel- 

ae may be considered as the main building block of bone, to the 

est of our knowledge, no reports have been published describing 

he influence of mineralized collagen fibril orientation in a con- 

inuous range between 0 °- 90 ° on their elastic, yield, and post- 

ield mechanical properties. Filling this knowledge gap would al- 

ow determining the structure-property relationships of bone at 

he lamellar length scale, which is a prerequisite for the develop- 

ent and validation of reliable multiscale models predicting bone 

ailure. 

Micromechanical testing on bone is an attractive technique 

o study bone mechanical properties, as it allows to limit the in- 

uence of local structural and compositional inhomogeneities on 

he overall mechanical response. The field of micromechanical test- 

ng of bone is rapidly progressing: starting from the pioneering 

orks on bone nanoindentation [ 35 , 36 ] and going towards the 

tate-of-the-art microscale tensile [ 34 , 37 ], compression [ 32 , 38–40 ]

nd bending [9] experiments on the lamellar or even the min- 

ralized collagen fibril level [ 15 , 41 ]. One of the most common 

icromechanical testing techniques for bone is indentation [42] , 

owever its interpretation in terms of post-yield behavior is com- 

lex [43] . Micropillar compression is a novel experimental method 

44] , where cylindrical samples with dimensions in the microm- 

ter range are prepared by focused ion beam and subsequently 

ompressed using a flat punch indenter. Unlike in classical inden- 

ation, the loading in the specimen is mostly uniaxial, which sim- 

lifies the interpretation of the output load-displacement curves 

n terms of stress-strain behavior. In this study, we performed mi- 

ropillar compression experiments of cortical bone lamella under 

umid conditions, with a known collagen fibril orientation. 

The aims of this study were to (i) establish a quantitative 

ethod for MCF spatial orientation estimation based on PRS and 

ii) investigate the effect of MCF orientation on the yield stress 

nd elastic modulus of cortical bone lamellae. For the first part, 

olarized Raman measurements were carried out on mineralized 

urkey leg tendon, a model material with known fibril spatial ori- 

ntation [45] , and then validated on bovine cortical bone osteonal 

amellae. For the mechanical study, micropillar compression exper- 

ments were performed on isolated bovine cortical bone lamellae 

ith MCF orientations ranging from 0 ° to 82 ° with respect to the 

oading direction. 
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. Materials and methods 

.1. Samples 

As a model material for polarized Raman calibration, miner- 

lized turkey leg tendon (MTLT) was used. The main advantage 

f MTLT tissue is its simplified fiber arrangement compared to 

ammalian cortical bone structure. MTLT is composed of densely 

acked collagen fibrils, strongly aligned with the tendon axis [45–

7] , which means that global and local fibril orientation are highly 

orrelated. 

MTLT samples were prepared from a turkey leg, obtained from 

 local abattoir. Highly mineralized parts were dissected from the 

endon bundles, mechanically cleaned and further cut with a dia- 

ond band saw under constant water irrigation (Exakt, Norderst- 

dt, Reichert-Jung, Germany). The resulting tendon pieces of about 

.5 mm in diameter and 4.0 mm in length were dried under am- 

ient conditions for 24 h. For the PRS calibration, MTLT pieces 

ere fixed on specially designed aluminum SEM stubs with a 2- 

omponent epoxy resin adhesive (Schnellfest, UHU, Germany) and 

ut at a specific angle to the main tendon axis using a high- 

recision diamond band saw (Leica EM TXP, Germany). Finally, the 

xposed specimen surfaces were polished with progressive grades 

f silicon carbide paper and finished manually on a soft cloth with 

 1 μm diamond suspension followed by 0.04 μm SiO 2 suspension 

esulting in a polished sample surface virtually parallel to the stub 

urface. A total of five specimens were prepared, each containing 

 tendon section cut at 0 °, 22.5 °, 45 °, 67.5 ° or 90 ° to the main

endon axis (Figure S1, Supplementary information A). The sam- 

les cut at 0 ° and 90 ° are referred to as axial and transverse sam- 

les, respectively. For precise MCF angle determination, small an- 

le X-ray scattering measurements were performed on each sam- 

le ( Section 2.3 ). 

Combined PRS and micropillar compression measurements 

ere performed on bovine cortical bone , which represents an in- 

ermediate model material between the MTLT and human corti- 

al bone. Bovine cortical bone, in comparison to human, exhibits 

igher mineralization, yielding a higher strength [48] , however, 

ones with a similar microstructural organization with distinguish- 

ble osteonal and interstitial zones can be found in both tissues 

49] . It should be noted that the lamellar arrangement in bovine 

ortical bone primary osteons has a more uniaxial orientation (as 

emonstrated in Supplementary information B.3) in comparison to 

ore complex MCF orientation patterns observed in human os- 

eonal lamellae [50] . This makes bovine cortical bone an attrac- 

ive animal model for basic research, prior to translation to human 

ones. 

A bovine tibia was obtained from a local abattoir. Three me- 

ial slices of cortical bone from the diaphysis were cut radially 

nto smaller sections. Posterior quadrant sections with higher os- 

eonal bone content were used for further processing steps (Fig- 

re S2, Supplementary information A). The bone samples (~5 mm 

ubes) were glued to specially designed SEM stubs and cut at five 

ngles between 0 ° and 90 ° with respect to the longitudinal bone 

xis, following the same protocol as the MTLT specimens. In or- 

er to obtain plane surface for compression experiments, samples 

ere additionally ultra-milled (Polycut E, Reichert-Jung, Germany) 

nd consequently polished with 10 0 0 grid silicon carbide and pa- 

er cloth with 0.3 μm Al 2 O 3 lubricant. For micropillar fabrication 

fter PRS measurements, the bovine cortical bone samples were 

dditionally sputtered with 11 nm thick Au film (Leica EM ACE600, 

ermany) and a thin film of silver paste (Plano GmbH, Germany) 

as applied at the sample sides down to the aluminium holder 

o minimize the drift caused by electrostatic charging under the 

lectron or ion beams. Considering the dimensions of the mechan- 

cally tested bone volumes (5 μm in diameter), the effect of the 
392 
hin Au film (11 nm thickness) on the measured mechanical prop- 

rties can be neglected. In total, 26 primary osteons with differ- 

nt orientations from 0 ° to 90 ° were chosen from 5 bovine cortical 

one samples for the PRS measurements, 13 of which were then 

sed for micropillar compression measurements. 

.2. Raman spectroscopy and data processing 

In the present work, we used polarized Raman spectroscopy for 

uantitative orientation estimation of MCF in mineralized tissues. 

or this, the polarized Raman spectral response of MCF was theo- 

etically and experimentally correlated with the fibril orientations. 

Raman spectra were acquired using a WITec Alpha 300 R 

onfocal Raman microscope in backscattering geometry. A diode- 

umped linearly polarized continuous 785 nm laser was used in 

ombination with a 50 × objective (0.80 numerical aperture). The 

inear polarization of the exciting laser was adjusted with a mo- 

orized λ/2 plate. No analyzer plate was included in the light path 

fter the sample. The Rayleigh scattered light was blocked by an 

dge filter. The backscattered light was coupled to a 400 mm lens- 

ased spectrometer with a grating of 300 g/mm equipped with a 

ooled deep-depletion CCD. The laser power was set to 30 mW, 

he estimated full width at half maximum (FWHM) of the focal 

pot was ~0.4 μm in lateral and ~1.7 μm in axial direction, as cal- 

ulated from the confocal Rayleigh criteria [51] . At each region of 

nterest (ROI), Raman spectra were collected at different excitation 

olarizations from 0 ° to 180 ° with a 10 ° polarization angle step 

nd 30 s integration time. As a result, a set of 19 polarized Raman 

pectra was collected for a single ROI. For each MTLT sample, PRS 

easurements were carried on 5 to 8 ROI, whereas for bovine cor- 

ical bone sample a single ROI was measured per osteon. In total, 

3 ROI were measured for the MTLT samples, corresponding to 5 

ifferent out-of-plane orientation, and 26 ROI for bovine samples, 

orresponding to 26 osteons with different out-of-plane orienta- 

ion. Spectral analysis was done in a batch mode using Python v3.6 

52] and consisted of background removal, location of the peaks of 

nterest (amide I, amide III, v 1 PO 4 , v 2 PO 4, CH bending) with con- 

equent double or triple Lorentzian peak fit using a least square 

cheme (scipy.optimize.leastsq). The detailed PRS analysis proce- 

ure is described in Supplementary information B.1, output spectra 

or different laser polarization angles are presented in Figure 1 . 

The intensity of the Raman scattering depends on the molec- 

lar bond orientation relative to the laser polarization vector, as 

ell as the excited vibration mode. As shown previously [16–19] , 

y collecting Raman spectra at different orientations of the inci- 

ent polarized laser light, the anisotropic spectral response of the 

mide I band (mainly C = O stretching) can be used to derive infor- 

ation about the orientation of the collagen molecules [ 17 , 53–55 ]. 

t the same time, the amide III band is considered as polarization- 

nsensitive, as this vibration mode mainly involves N-H bending 

nd C-N stretching that are equally distributed across the collagen 

mino acid sequence, which results in homogeneous Raman scat- 

ering [ 53 , 56–58 ]. In this study, the MCF spatial orientation was

stimated from the integrated area ratio of the amide I over the 

mide III band collected at different laser polarizations. 

The theoretical calculations of amide I over amide III ratios at 

ifferent laser polarization are in good agreement with the exper- 

mental data for 0 ° and 90 ° out of plane fibril angle as shown in 

igure 1 and Supplementary information B.1. For the quantitative 

easurement of polarization anisotropy of a given set of polarized 

xperiments in a single ROI, we used the simplified description 

roposed by Bao et al. [59] : 

f ( α, ϕ ) = Aco s 2 ( α + ϕ ) + Bsi n 

2 ( α + ϕ ) . (1) 

Where α is the polarization angle of the laser, A 
B the introduced 

arameter of anisotropy ( A → 1 for isotropic sample), and ϕ the 
B 
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Figure 1. MCF spatial orientation during Raman spectra acquisition with marked out-of-plane (θ) and in-plane (ϕ) angles. Set of Raman spectra collected at different 

incident laser polarization on MTLT. Highlighted characteristic collagen bands: amide III (1215–1300 cm 

-1 , N–H bending and C–N stretching of the peptide backbone) and 

amide I (160 0–170 0 cm 

-1 , C = O stretching). Polar plots: polarization dependence of ∫ amide I / ∫ amide III with theoretical prediction and simplified fit to the experimental 

data (1) for two assumed orthogonal MCF orientations. 
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n-plane rotation angle for fibrils with respect to the laser polar- 

zation. The parameter of anisotropy A/B depends on the out-of- 

lane fibril orientation, the exact relationship was determined by 

alibration on the MTLT samples. The Raman spectra with high- 

ighted amide peaks and output polar plots with theoretical pre- 

ictions and fit to the experimental data (1) for axial (parallel to 

he incident laser beam) and transverse (orthogonal to the incident 

aser beam) collagen fibrils orientation are shown in Figure 1 . 

To assess the variation in bone mineralization, the ratio of the 

econdary phosphate (v 2 PO 4 , 370-500 cm 

−1 ) over the amide III in- 

egrated intensity was analyzed. Following the study of Roschger 

t al. [60] , the mineral to matrix ratios (v 2 PO 4 /amide III), can be

orrelated to the Ca content. For each ROI, the mineral to ma- 

rix ratio was averaged over 19 spectra. The mineral crystallinity 

 53 , 61–63 ] was assessed from 1/FWHM of the primary phosphate 

v 1 PO 4 , 920-10 0 0 cm 

−1 ) and averaged over all laser polarizations

or each ROI. To assess the variation of the non-collagenous pro- 

eins (NCP) content, the C-H bending at 1360-1500 cm 

−1 was an- 

lyzed, to which both collagen and NCPs contribute [64] . Since 

mide III is polarization-independent and almost exclusively rep- 

esentative of the collagen phase, following the reasoning of Kat- 

amenis et al. [65] , the Raman integrated intensity ratio of amide 

II / CH bending was used to quantify the relative concentrations 

f collagen versus NCPs. 

.3. Independent verification of MCF orientation 

Small Angle X-ray Scattering (SAXS) experiments were per- 

ormed on MTLT samples to validate fibril alignment after sam- 

le fabrication. SAXS experiments were performed with a Bruker 

anostar instrument (Bruker AXS GmbH, Karlsruhe, Germany). The 

nstrument was equipped with a pinhole collimation system, a 
393 
icro-focused X-ray Cu source (wavelength Cu K α = 1.5406 Å) 

nd a 2D MikroGap technology-based detector (V ̊ANTEC-20 0 0 with 

048 × 2048 pixels and 68 × 68 μm each pixel size) along with a 

ustom built semi-transparent beam stop. The beam size at sample 

osition was about 400 μm in diameter. The instrument provided 

 resolvable scattering vector modulus q in a range between 0.06 - 

.1 nm 

−1 for a 107 cm sample to detector distance. The scattering 

rames were recorded for 1800 s at room temperature in moder- 

te vacuum condition of about 10 −2 mbar to reduce air scattering. 

rior to the experiments, the sample to detector distance was cal- 

brated with standard silver behenate powder samples. 

The misorientation width and true orientation of MCF with re- 

pect to the sample and holder surface in the MTLT samples was 

stimated from the streak-like diffuse scattering in 2D SAXS pro- 

les. This streak is produced by extended scattering objects (i.e. 

ollagen fibrils) along the fiber axis of the fibrous materials [ 66 , 67 ].

he true orientation of collagen fibrils was determined by aver- 

ging the center values obtained from fitting the extracted az- 

muthal scans (q-range of 0.356 - 0.783 nm 

−1 with step size of 

.036 nm 

−1 ) with a Lorentzian function (see Supplementary infor- 

ation D.1). The collagen fibrils misorientation width was calcu- 

ated using the Ruland streak method [ 68 , 69 ]. In this method, the

zimuthal broadening of intensities along the streak axis is evalu- 

ted and linked to the fibril misorientation (Supplementary infor- 

ation D.2). 

Micro-computed tomography (micro-CT) scans of the bovine 

one specimens (μCT 100, SCANCO Medical AG, Switzerland) were 

ollected on each of the bovine bone samples to access osteon ori- 

ntation after sample preparation. Samples were scanned at a spa- 

ial resolution of 4.9 μm with 45 kVp energy, 200 μA tube current 

nd 2 × 400 ms integration time. The spatial orientation of the os- 

eons was estimated using ImageJ 1.52v [70] and BoneJ 1.4.3 [71] as 
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Figure 2. Schematic of micropillar compression test. (A) Indenter setup with controlled humidity sample chamber. (B) Sketch of the micropillar compression configuration. 

(C) HRSEM image of fabricated micropillars. (D) Stress-strain curve with marked output parameters: elastic modulus E, calculated as the slope of the stress-strain curve 

during the partial unloading segment; yield stress σy , defined as stress at 0.2% inelastic deformation; ultimate stress σult is the maximum stress value; plateau stress σpl 

is the stress value at 0.08 strain. 
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 screening step to choose osteons for later qPRS analysis. Firstly, 

he global sample tilt of each sample scan was corrected using the 

ntilt Stack plugin. Secondly, the osteons of interest were located 

nd isolated by combining optical microscopy with micro-CT im- 

ges. Output stacks were binarized using Otsu’s threshold cluster- 

ng algorithm. Prior to calculations, Haversian canals were checked 

or irregularities: only the top segments without branching or sud- 

en changes in orientation were used. Using the Moment of Iner- 

ia plugin, three orthogonal principal axes were automatically de- 

ermined for each Haversian canal and the rotation matrix in ref- 

rence to the stacks main axis was constructed. The out-of-plane 

rientation of each osteon was taken as the angle between the 

rincipal axis along the Haversian canal and the z axis of stacks. 

he angle was extracted from the rotation matrix and correlated 

ater with the polarized Raman measurements. For more details 

ee Supplementary information E. 

.4. Mechanical testing and analysis 

Bone micropillars were fabricated using a focused ion beam 

orkstation (Tescan Lyra, Czech Republic) with a well-established 

hree step protocol described elsewhere [ 32 , 38 ]. Within each 

ovine bone sample, 5 osteons were selected for compression tests. 

epending on the osteonal morphology, 2 to 3 pillars were fab- 

icated. Each pillar had a diameter of approximately 5 μm and 

n aspect ratio of 2, as determined from HRSEM imaging (Hitachi 

-4800, Japan). Examples of fabricated micropillars are shown in 

igure 2 C. 

A self-developed ex situ indenter setup was used in this study. 

he system is based on commercial hardware for actuation, sens- 

ng, and electronics (Alemnis AG, Switzerland). The experiments 

ere conducted in displacement control to keep the strain rate 

onstant even after the yield point. The system included an op- 

ical microscope to visualize the sample surface and to locate mi- 

ropillars for compression tests and a custom environmental cham- 

er. The relative humidity was controlled using a continuous gas 

tream from a humidity generator (WETSYS, Setaram, France) and 

eedback from a relative humidity sensor inside the chamber. The 

verview of the indenter setup and the schematic of the experi- 

ent are shown in Figure 2 . 

Compression experiments were performed at ambient temper- 

ture and pressure, the relative humidity was set to 93 % for at 

east 4 h prior to the compression experiments, ensuring hydra- 

ion equilibrium of the sample. Pillars were compressed with a flat 
394 
unch indenter tip with a diameter of 20 μm. The micropillar com- 

ression was performed in displacement control up to a maximum 

epth of 1 μm (10 nm/s loading rate) corresponding to a strain rate 

f 10 −3 s −1 with an intermittent unloading segment in the elastic 

egion, which was used for the calculation of the elastic moduli 

 Figure 2 D). 

As micropillar compression features uniaxial loading, the stress- 

train data was assessed from the load-displacement curves after 

rame compliance and pillar sink-in corrections [72] . The elastic 

odulus values were extracted from the loading/unloading cycle 

n the elastic region and the yield stress was computed as the 

tress that is needed for a plastic deformation of 0.2%. These prop- 

rties were determined for every pillar using a custom Matlab code 

R2018a, MathWorks Inc., Natick, MA, USA). After compression, the 

icropillars were imaged with a HRSEM. 

.5. Mechanical modeling 

Apparent elastic modulus E app was modeled as a function of 

ollagen fibril orientation (Supplementary information F.1): 

 app = 

(
Co s 4 ( θ ) 

E a 
+ 

Si n 

4 ( θ ) 

E t 
+ 

(
1 

μa 
− 2 

νa 

E a 

)
Co s 2 ( θ ) Si n 

2 ( θ ) 

)−1 

. 

(2) 

Elastic moduli were extracted from micropillar compression 

ests and fibril orientation from PRS measurements, where E a and 

 t are the axial and transverse elastic modulus values accordingly, 

a and νt the Poisson ratios and μa the shear modulus. 

Yield stress was modeled as a function of collagen fibril orien- 

ation using the Tsai-Hill composite failure criterion (Supplemen- 

ary information F.1) [73] . For unidirectional fiber-reinforced com- 

osite materials subjected to in-plane stress, the failure criterion is 

iven by: 

x = 

( (
cos 2 ( θ ) 

X 

)2 

−
(

sin ( θ ) cos ( θ ) 

X 

)2 

+ 

(
sin 

2 ( θ ) 

Y 

)2 

+ 

(
sin ( θ ) cos ( θ ) 

S 

)2 
) −1 / 2 

, (3) 

here σx is the stress applied along the loading axis; X, Y and 

 symbolize the longitudinal, transversal and shear strength of 
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Figure 3. (A) Anisotropy of MTLT collagen bands at different out-of-plane fibril orientation θ; (B) Anisotropy of bovine cortical osteonal bone collagen bands at different 

osteon orientation, fitted with the calibration function from the MTLT study. The coefficients of determination R 2 are 0.98 and 0.82, respectively. 
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he composite. Here, bovine cortical bone yield strength was ex- 

ressed as a function of MCF angle by fitting Eq. (3) with indi- 

idual strengths obtained from micropillar compression tests and 

bril orientation assessed from PRS. 

.6. Statistical data analysis 

All data manipulations were performed using Python v3.6 

52] and MATLAB R2019b [74] . Measurements are reported as 

ean ± standard deviation. All non-linear curve fittings re- 

orted in this study were done using least squares regres- 

ion (scipy.optimize, Python v3.6). The goodness of the non- 

inear fit was estimated from the coefficient of determination R 2 

sklearn.metrics) at p < 0 . 05 , R 2 = 1 being the best possible score.

ultiple linear regression analysis was performed using Python 

sklearn.linear_model, statsmodels), the criterion for significance 

as p < 0 . 05 . 

. Results 

.1. qPRS calibration on MTLT and validation study on bovine cortical 

one lamella 

Polarized Raman spectra were collected from the MTLT sam- 

les with known out-of-plane MCF angles θ measured by SAXS. 

or each MCF orientation 19 PRS measurements were taken on 5 

o 8 ROI. The anisotropy parameter A/B , describing the maximum 

ariation of the amide I/ amide III integral area as a function of in-

ident laser polarization, was calculated for each of the samples by 

tting equation (1) . The anisotropy parameter A/B was then cor- 

elated with the fibril out-of-plane angle θ , taken from the SAXS 

easurements ( Figure 3 A). 

SAXS measurements were used for structural analysis of MCF 

n tendon samples cut at five angles between 0 ° and 90 °. To cor- 

elate the average MCF orientation in the sample measured by 

AXS with the local MCF orientation measured by PRS, the SAXS 

easurements report the mean MCF out-of-plane angles θ to- 

ether with the misorientation width of MCF determined by the 

uland method. From the azimuthal broadening of SAXS scatter- 
395 
ng intensities along the streak axis, the mean MCF out-of-plane 

ngles θ were found to be close to the initial sample cutting 

ngles: 2.88 °±0.0 6 °, 19.0 6 °±0.05 °, 47.28 °±0.08 °, 63.43 °±0.06 ° and

8.76 °±0.04 °. Following the Ruland streak method, the misorien- 

ation width of MCF was found to be higher for the higher out- 

f-plane angles θ , ranging from 15 ° to 27 ° (for more details see 

upplementary information D.2). 

Theoretical calculations were used to determine the functional 

ependence of the anisotropy parameter A/B on the MCF out-of- 

lane orientation, see supplementary information B.2 for further 

etails. We found that a function of the form (4) is well suited to 

eproduce the theoretical prediction and retains the 180 ° periodic- 

ty (R 

2 = 0.99, Supplementary information B.2). 

f ( θ ) = C 0 + C 2 si n 

2 ( θ ) + C 4 si n 

4 ( θ ) , (4) 

The average anisotropy parameter A/B from the PRS measure- 

ents on each of the MTLT specimens was fitted with Eq. (4) ver- 

us the fibril out-of-plane angle (coefficient of determination 

 

2 = 0.98). The out-of-plane angular error in Figure 3 A represents 

he fibril misorientation width, as determined from the SAXS mea- 

urements. From the MTLT fit, the following parameters of the 

alibration function (4) were found: C 0 = 1 . 04 , C 2 = −0 . 02 and

 4 = 0 . 59 . The qPRS out-of-plane angles were compared to the 

AXS out-of-plane MCF angles and the standard error of the es- 

imate (SEE) was taken as the angular uncertainty resulting in an 

rror estimate of θ err = 9 . 7 ◦ (Supplementary information B.5). 

Next, polarized Raman spectra were collected on 26 bovine cor- 

ical bone osteons with different orientations from 0 ° to 90 °, as 

easured by micro-CT. Figure 3 B shows a correlation between the 

nisotropy parameter A/B for bovine cortical bone and the out-of- 

lane angles of the osteons. The data was compared to Eq. (4) with 

he parameters determined from the MTLT calibration and the os- 

eon angles taken for θ (coefficient of determination R 

2 = 0.82). 

The out-of-plane MCF angles θ are extracted numerically from 

unction (4). By extracting both the out-of-plane angle θ ( Eq. (4) ) 

nd the in-plane angle ϕ ( Eq. (1) ) from the PRS spectra, a quanti-

ative 3D orientation estimation of the MCF is possible. For further 

echanical parameter analysis, we focused on the out-of-plane 

CF angles θ . 
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Figure 4. Stress-strain curves and HRSEM images after pillar compression of bovine cortical bone lamella with different mineralized collagen fibril orientation, scale bar 1 

μm. 
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Table 1 

Output parameters from the apparent modulus ( Eq. (2) ) and yield stress ( Eq. (3) ) 

fit. 

Compliance tensor Axial elastic modulus ( E a ) 27 . 65 GPa 

Transverse elastic modulus ( E t ) 7 . 28 GPa 

Out-of-plane Poisson ratio ( νa ) 0 . 7 

In-plane Poisson ratio ( νt ) 0 . 3 ∗

Shear modulus ( μa ) 8 . 22 

Tsai-Hill Strength along axial direction (X) 318 MPa 

Strength along transverse 

direction (Y) 

111 MPa 

Shear strength (S) 206 MPa 

∗ – from [75] 
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.2. Micropillar compression of bovine cortical bone lamella with 

nown fibril orientation 

Microscale compression tests were performed on FIB manufac- 

ured micropillars with known collagen fibril orientation measured 

y qPRS. A total of 44 micropillars were fabricated in 13 osteons on 

he bovine cortical bone samples, from which two had irregulari- 

ies in geometry and were therefore excluded from the study, three 

ere lost due to operator errors and three were excluded from 

he batch analysis due to excessive noise in the force-displacement 

ata. The remaining micropillars (N = 36) were used for the actual 

esting and analysis. As a result, 2 to 3 micropillars were tested 

or each collagen fibril orientation (N = 13). Representative stress- 

train curves as a function of the fibril angle, determined by qPRS, 

nd the images of corresponding micropillars after compression 

re shown in Figure 4 . 

The collected stress-strain curves for different MCF orientations 

 Figure 4 A) demonstrate a clear dependency of the mechanical 

esponse on the fibril angle. This dependence is even more pro- 

ounced in Figure 5 , where elastic moduli and yield stress, ex- 

racted from the stress-strain curve, are plotted versus the out-of- 

lane MCF angles, known from previously performed qPRS mea- 

urements. The elastic modulus of lamellae with collagen fibrils 

arallel to the loading direction is more than 3.8 times higher than 

he modulus of lamellae with fibrils orthogonal to the loading di- 

ection. Similar behavior was observed for the yield stress, where 

xially aligned samples show a yield stress almost 2.5 higher than 

ransverse samples. For further fitting, the mean values of the elas- 

ic moduli for each of the fibril orientation were used. The appar- 

nt elastic moduli were fitted as a function of MCF angles with the 

nalytical expression for the apparent modulus in axial direction 

f a transversely isotropic compliance tensor rotated around one 

xis from the transverse plane ( Eq. (2) ). For the analysis, the axial

lastic modulus E a was taken as the maximum value found from 

he micropillar compression tests and the transverse elastic mod- 

lus E t was calculated as the average measured modulus of com- 

ression experiments of micropillars with a fibril angle > 60 °. The 

emaining free parameters νt , μa were determined using a least- 

quares fit of the fibril angle dependent data. The mean values of 

he yield stress for each of the fibril orientation were fitted with 
s

396 
he Tsai-Hill composite failure model ( Eq. (3) ). The resulting op- 

imal parameters determined from the fitting procedures are col- 

ected in Table 1 . 

.3. Other parameters affecting microscale mechanical properties of 

one 

Besides MCF orientation, other factors like the degree of miner- 

lization and overall variation in biochemistry may affect the me- 

hanical properties of bone lamellae. 

For all tested bovine osteons, a relative standard deviation of 

bout 7 % was observed for the mineral to matrix ratio, which 

as not sufficient to detect a significant correlation with the me- 

hanical parameters (p = 0.6 for both elastic modulus and yield 

tress). The relative standard deviation of mineral crystallinity did 

ot exceed 1% and no significant correlation with the elastic mod- 

lus (p = 0.3) nor with the yield stress (p = 0.2) was observed. 

lthough the Raman intensity ratio of amide I/ CH bending has 

een reported to quantify the relative concentrations of collagen 

ersus NCPs [65] , it was found to be strongly dependent on the 

ample orientation (R 

2 = 0.68, p < 0.01). We therefore used the 

aman intensity ratio of amide III/ CH bending instead to quantify 

he relative concentrations of collagen versus NCPs, as it showed 

 trend but no significant dependence on the collagen orientation 

p = 0.1). Around 4 % of relative standard deviation of the colla- 

en versus NCPs relative concentrations (amide III/ CH) was ob- 

erved for the tested osteons. Moreover, a moderate dependence 
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Figure 5. Elastic modulus and yield stress dependence on the collagen fibril out-of-plane orientation. The coefficients of determination R 2 are 0.50 and 0.61, respectively. 
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as found between the Raman intensity amide III/ CH ratio and 

he measured mechanical properties (R 

2 = 0.5, p = 0.01 for both 

lastic modulus and yield stress). For further details, see Supple- 

entary information C. 

.4. Post-yield behavior and failure modes 

The stress-strain curves from the micropillar compression show 

oftening for small MCF angles and hardening with the MCF orien- 

ations close to the transverse direction. To quantitatively analyze 

he softening/hardening behavior, the relative change of stress af- 

er the yielding point R was evaluated with the following ratio: 

 = 

(
σ pl − σ y 

)
σ y 

, (5) 

here σ pl signifies the stress value at the plateau region taken at 

% strain and σ y is the yield stress ( Figure 2 D). Negative values of

he ratio correspond to strain softening and positive to hardening 

ehavior, respectively. The transition between softening and hard- 

ning post-yield behavior was found for the MCF orientations at 

= 48 ◦ − 54 ◦, as marked in Figure 6 . Relative change of stress af- 

er the yield point R (5) was then fitted with a hyperbolic tangent 

unction (6), as it reflects well the behavior of the data. 

 ( θ ) = 0 . 21 tanh ( 9 . 79 ( θ − 49 

◦) ) − 0 . 10 (6) 

From the HRSEM images, different failure modes were en- 

ountered during compression tests: axial cracking ( Figure 6 A), 

ushrooming ( Figure 6 B), shear localization ( Figure 6 C), homo- 

eneous deformation ( Figure 6 D) and a combination of above. 

s demonstrated in Figure 6 , the majority of micropillars, which 

emonstrated softening behavior, failed in a localized shear crack, 

hereas those micropillars showing a hardening behavior de- 

ormed in a more homogeneous manner. 

. Discussion 

The goal of this study was to assess the orientation dependent 

echanical properties and deformation mechanisms of the basic 

uilding block of bone, the lamella. To this end, we developed and 

alibrated a procedure allowing to measure quantitatively the out- 

f-plane angle of MCF using qPRS with a high spatial resolution 
397 
f ~0.3 μm 

3 . We then performed a large number of uniaxial com- 

ression experiments in hydrated conditions (N = 36) on micropil- 

ars with known fibril orientation. Elastic modulus and yield stress 

ere extracted and fitted using analytical models. Based on HRSEM 

mages, the failure modes were identified as a function of fibril ori- 

ntation. Finally, the post-yield behavior was extracted and related 

o the local fibril angle and observed failure mode. The different 

spects of the study will be discussed in detail in the following 

aragraphs. 

.1. Quantitative Polarized Raman spectroscopy (qPRS) 

qPRS is a non-invasive method for tissue composition and MCF 

rientation investigations with a high spatial resolution. In the 

ast, it has been employed for quantitative analysis of MCF in- 

lane orientations [19] . Moreover, PRS was applied recently to re- 

olve 3D orientation of MCF in rat tail tendons [17] and human 

ortical bone [16] . However, the reported studies on spatial MCF 

rganization using PRS were mainly qualitative. To our knowledge, 

e are the first to report a method that allows applying PRS for 

uantitative estimation of bone MCF orientation in 3D. For this 

e performed PRS calibration on mineralized turkey leg tendon, 

 model material with highly aligned mineralized collagen fibrils, 

nd validated it on bovine cortical bone. 

Our calibration study followed the general methodology of 

piesz et al. [11] , where a calibration function for quantifying MCF 

ut-of-plane orientation was determined based on measurements 

erformed on MTLT samples with a known uniaxial fiber orienta- 

ion. Polarized light microscopy is a relatively fast and well-known 

echnique, however it requires thin sample cuts at a fixed thick- 

ess over which the signal is integrated. This can pose significant 

roblems if osteons are not oriented parallel to the light beam. In 

he present study, the application of PRS gives us significant advan- 

age in the spatial resolution, since we use a confocal system and 

ollect the signal from a ~0.3 μm 

3 volume. In case of bovine cor- 

ical bone osteons with lamellar thickness of several microns, the 

aman focal volume is small enough to collect information from 

ocally aligned MCF. Even in the case of human cortical bone os- 

eons, where each lamella (thickness ~7 μm) is composed of sev- 

ral sub-lamellae (thickness ~1 μm) [50] , the resolution should be 

ufficient to supply information on the local MCF orientation, even 
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Figure 6. Post-yield behavior and failure modes encountered in compression tests of micropillars with different out-of-plane MCF angles θ . Failure modes were analyzed 

visually based on HRSEM images, the representative HRSEM images of each failure mode with marked stress concentration regions are shown at the bottom (white arrows 

point to the vertical cracks, grey arrows point to the oblique cracks, and black arrows point to the horizontal cracks). Softening/hardening behavior was estimated from the 

relative change of stress after the yielding point R ( Eq. (5) ) and fitted with hyperbolic tangent function ( Eq. (6) ). The coefficient of determination R 2 = 0.72, scale bar 1 μm. 
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hough some averaging effects are likely to occur when the sample 

s misaligned with the laser beam [16] . 

In comparison with other available methods of MCF spatial ori- 

ntation analysis, such as SAXS/WAXS and nanoCT, qPRS does not 

xpose the sample to a high energy X-ray beam. With the qPRS 

arameters used throughout this work, no structural modifications 

f the sample were observed (Supplementary information B.4). 

oreover, qPRS does not require additional time-consuming sam- 

le preparation, as in the case of e.g. TEM imaging [14] . The spatial

esolution of qPRS is defined by the Raman setup, for example the 

bjective numerical aperture or the incident laser wavelength. In 

his study, the focal spot size was estimated to be ~0.4 μm in di- 

meter, which is suitable for the lamellar scale investigations. 

PRS measurements on MTLT were in good agreement with 

he theoretical prediction ( Figure 1 and Supplementary informa- 

ion B.1). The function from the theoretical prediction (equation 

8, Supplementary information B.2) was found to be not suit- 

ble for the MCF angle θ extraction due to the interdependency 

f the output parameters. We therefore used a simplified fitting 

unction (1) following the methodology proposed by Bao et al. 

59] to extract the output Raman parameters, including the pa- 

ameter of anisotropy A/B . The simplified fit precision was com- 

arable to the theoretical prediction (for both, R 

2 > 0.99). The an- 

ular uncertainty of the qPRS method θ err = 9 . 7 ◦ (Supplementary 

nformation B.5). While this error is not negligible, the applica- 

ion to bovine bone showed that the method is precise enough to 

xtract meaningful data for studying microscale structure-property 

elationships. 
398 
Prior to the validation study on bovine cortical bone, polarized 

aman line maps were collected on three bovine bone osteons to 

uantify the variation of fibril orientation within each osteon (Sup- 

lementary information B.3). The out-of-plane MCF angle θ , av- 

raged across the osteon, was different from the micro-CT mea- 

urements: 11 ±9 ° for the 6 ° osteon and 8 ±7 ° for the 4 ° osteon, 

esulting in an average disagreement of 4-5 ° between the differ- 

nt methods. This is well below the angular uncertainty of both 

ethods and therefore may be neglected. On average, a standard 

eviation of ±7 ◦ was found for the MCF alignment within each os- 

eon. Again, as this standard deviation is below the experimental 

ncertainty of the proposed qPRS procedure for fibril out-of-plane 

ngle estimation, it may be neglected. Therefore, we collected only 

ne set of 19 polarized Raman spectra per osteon. 

Micro-CT scans were used for osteonal orientation determina- 

ion. With ~5 μm resolution, this technique is suitable to locate 

he Haversian canals together with osteonal and interstitial zones 

f cortical bone, but does not have sufficient contrast and resolu- 

ion to distinguish between individual bone lamellae. Osteonal an- 

le, as determined from micro-CT, was used to screen the osteons 

n each sample to reach a homogeneous distribution of fibril ori- 

ntations and to cross validate with qPRS. 

Previously reported PRS studies on bone employed another ex- 

erimental design using an additional analyzer plate in the path of 

he scattered light. There, the theoretical dependence of the Raman 

cattering on light polarization was calculated from four experi- 

ental configurations of polarizer/analyzer parallel and orthogonal 

lignments [ 19 , 76 ]. In more recent works [16–18] , the collection of
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he scattered light for a range of incoming laser polarization an- 

les was proposed. In the present study, we established a method 

or quantitative estimation of MCF spatial orientation by determin- 

ng a calibration function between polarization anisotropy and MCF 

ut-of-plane angle on mineralized turkey leg tendon, a model ma- 

erial with a very similar composition and ultrastructure to bone 

eaturing highly aligned collagen fibrils. The approach proposed in 

his study requires a higher number of measurements than the for- 

er, however, it increases the robustness and accuracy, as the col- 

ected scattered light has higher intensities due to the absence of 

n analyzer leading to an increased signal to noise ratio (SNR). Fur- 

hermore, the influence of data scatter due to natural variability 

nd experimental artefacts is reduced due to the employed fitting 

rocedure, which analyzes the best fit of many experiments rather 

han relying on the direct determination of the Raman tensor from 

 limited number of measurements, which is more sensitive to ex- 

erimental artefacts. 

In this work, the newly proposed qPRS method is used to eval- 

ate the orientation of collagen fibers based on polarization de- 

endence of amide Raman bands. However, alternative polarization 

ependent Raman bands may be used. We specifically acknowl- 

dge the possibility to use the amide I/ v 2 PO 4 for MCF orienta- 

ion estimation, following the same spectra acquisition and data 

rocessing protocols. Detailed analysis is presented in the Sup- 

lementary information B.6. We demonstrate an excellent correla- 

ion between the two Raman band integrated intensity ratios for 

TLT samples (R 

2 = 0.98, p = 0.01). Moreover, we calibrated the 

nisotropy parameter A/B, extracted from amide I/ v 2 PO 4 polariza- 

ion dependence, with the fibril out-of-plane angle θ , taken from 

he SAXS measurements (R 

2 = 0.99). Consequently, the parame- 

ers of the calibration function for amide I/ v 2 PO 4 ( Eq. (4) ) are:

 0 = 1.09, C 2 = -0.05 and C 4 = 0.76. These parameters can be used as

n alternative for estimating the out-of-plane MCF angle based on 

ocal measurement of amide I/ v 2 PO 4 Raman band integrated in- 

ensity ratios. In the present work, all of the collected spectra had 

 high background fluorescence, overlapping with the v 2 PO 4 band 

ntensity, as can be seen, for example, from the raw spectra pre- 

ented in the Supplementary information B.1. We therefore chose 

o use the amide I and amide III bands for the qPRS method, as 

hey both were not affected by the sample fluorescence. 

Besides MCF orientation, we also investigated the effects of 

ineral to matrix ratio, mineral crystallinity, and relative NCP con- 

ent of the bovine cortical bone osteons. All of these parameters 

ave a low relative standard deviation, which indicates the homo- 

eneity of the tested tissue. 

A clear limitation of the proposed method is related to the 

sotropy of the polarization response of both axially aligned and 

andomly oriented fibrils. As no polarization dependence exists for 

he integral area ratio of the collagen peaks of interest, special 

are needs to be taken to distinguish between these two types 

f fibril orientations. We have not encountered such a situation 

uring this study, as we used model bone materials with a sim- 

lified, mostly uniaxially aligned microstructure. For future mea- 

urements, we propose, as a possible remedy, to collect additional 

pectra while tilting the sample by a known angle or to include 

mide I intensity into the analysis. 

.2. Mechanical testing 

Here, we performed for the first time microscale compression 

xperiments on the length scale of single bone lamellae in hy- 

rated state for a broad spectrum of known local fibril orienta- 

ions. The elastic modulus and strength nonlinearly decreased with 

he increasing MCF angle. The theory of linear elasticity for trans- 

ersely isotropic materials and Tsai–Hill criterion were found to 

escribe well the variation of these properties with the fiber ori- 
399 
ntation ( Figure 5 ). The found non-linear behavior as a function 

f MCF angle on the single lamella level of bone is comparable to 

hat has been observed in other short fiber reinforced polymer 

omposites [77] . In the majority of previously reported studies, 

he microscale mechanical properties of bone were investigated 

or two assumed MCF orientations: axial ( θ = 0 °) and transverse 

 θ = 90 °). However, no means of quantification of the true fib- 

il angles existed. Here, the mechanical compression experiments 

ere performed on bone lamellae with 13 known MCF orienta- 

ions in the range from 0 ° to 82 ° ( Figure 5 ). This provides a unique

ataset for identifying the structure-property relationships of bone 

n the lamellar scale through a combination of micropillar com- 

ression and MCF orientation determination using non-invasive 

PRS. 

Fibril misalignment is a common phenomenon for natural ma- 

erials, such as bone, and it significantly affects the accuracy of 

easured mechanical parameters. When it comes to clinical in- 

estigations of bone strength as a function of age, gender, disease, 

r treatment, it becomes especially important to separate the re- 

pective contributions of macroscopic bone geometry and density, 

hich are clinically assessed today [78] , from the intrinsic tissue 

roperties that depend on microstructural factors, like local de- 

ree of mineralization or fibril orientation distribution [79] . Mul- 

iscale structural organization and mechanical property analysis of 

one biopsies may be used in the future for studying the changes 

n tissue organization and mechanical properties related to bone 

etabolic diseases like osteoporosis [ 5 , 10 , 80 ]. In preclinical osteo- 

orosis and bone research, different large and small animal models 

re used as a model for human bone [ 81 , 82 ]. For different species

e.g. human, canine, mice) the collagen fibrils in osteonal lamellae 

ave been reported to feature an offset angle with respect to the 

one’s long axis in a range of 20-30 ° [ 11 , 19 , 50 , 83 ]. In this study,

 variation of the MCF out-of-plane orientation of up to 16 ° was 

bserved within the osteonal regions of the bovine cortical bone 

ample. This variation in fibril orientation is an intrinsic property 

f bone in different species that leads to considerable data scat- 

er in mechanical experiments and warrants further investigation. 

specially when analyzing micromechanical experiments, it is of 

igh interest to employ methods for quantifying the local MCF ori- 

ntation and degree of mineralization in the region of interest to 

educe apparent data scatter and identify structure-property rela- 

ionships with high fidelity. 

As expected from the micropillar compression experiments, the 

ighest value of elastic modulus was found for the axial MCF ori- 

ntation ( E a = 27 . 65 GPa, θ = 0 ◦) and the lowest for transverse 

rientations ( E t = 7 . 28 GPa, θ > 60 ◦) . This tendency is in good

greement with previously reported data on the mechanical ex- 

eriments on bone, collected in Table 2 . The axial elastic modu- 

us value is greater than the majority of values reported in lit- 

rature for both micro- ( 21 − 23 GPa , [84–86] ) and macro-scale 

ompression experiments ( ∼ 20 GPa , [ 87 , 88 ]). The first may be

ue to the natural variations in MCF orientation in cortical bone 

pecimen that has been shown to be present in different species 

 11 , 19 , 50 , 83 ]. As previous studies on microscale cortical bone me-

hanical properties did not verify the MCF orientation, the reported 

ata is likely averaged over a MCF misorientation range of up to 

0 °, which can explain the reported lower average elastic modu- 

us values. At the macroscale, the mechanical response is averaged 

ver large regions with different degrees of mineralization and fib- 

il orientation and includes the effect of Haversian porosity, there- 

ore also from these experiments a lower apparent modulus can be 

xpected [89] . 

The measured transverse elastic modulus is lower than the pre- 

iously reported values from both macro- and micro-scale mechan- 

cal tests on bovine bone [ 87 , 88 , 90 , 91 ]. This leads to higher elastic

nisotropy values ( E a / E t ) , compared to previously reported data 
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Table 2 

Reported mechanical anisotropy values and experimental details. 

Elastic anisotropy 

values 

Plastic anisotropy 

values 

Characteristic 

specimen size Conditions Method Sample Ref. 

27 . 7 

7 . 3 
= 3 . 8 

0 . 33 

0 . 13 
= 2 . 54 5 μm Hydrated, 

> 93% rh 

Compression Bovine Present work 

19 . 1( ±2 . 8 ) 

11 . 6( ±2 . 4 ) 
= 1 . 6 

0 . 18( ±0 . 02 ) 

0 . 11( ±0 . 02 ) 
= 1 . 64 5 mm Ambient Compression Bovine [87] 

20 . 5( ±2 . 3 ) 

13 . 0( ±2 . 3 ) 
= 1 . 6 

0 . 18( ±0 . 02 ) 

0 . 16( ±0 . 01 ) 
= 1 . 13 5 mm Ambient Compression Bovine [88] 

26 . 9 

22 . 6 
= 1 . 2 

26 . 9 

18 . 0 
= 1 . 5 

350 nm Ambient Indentation Bovine [90] 

27 . 5( ±2 . 2 ) 

19 . 0( ±1 . 8 ) 
= 1 . 5 

1 . 01( ±0 . 13 ) 

0 . 67( ±0 . 08 ) 
= 1 . 51 7 μm Ambient Indentation Ovine [38] 

22 . 8( ±1 . 6 ) 

14 . 5( ±1 . 6 ) 
= 1 . 6 

0 . 60( ±0 . 11 ) 

0 . 51( ±0 . 08 ) 
= 1 . 18 7 μm Hydrated, 

liquid 

immersion 

Indentation Ovine [38] 

31 . 2( ±6 . 5 ) 

16 . 5( ±1 . 5 ) 
= 1 . 9 

0 . 50( ±0 . 10 ) 

0 . 30( ±0 . 02 ) 
= 1 . 63 5 μm in vacuo Compression Ovine [38] 

0 . 17( ±0 . 02 ) 

0 . 13( ±0 . 03 ) 
= 1 . 31 5 μm Hydrated, 

liquid 

immersion 

Compression Ovine [32] 

13 . 7( ±0 . 8 ) 

6 . 5( ±1 . 0 ) 
= 2 . 1 17 . 5 μm Ambient Indentation MTLT [47] 

18 . 1( ±2 . 9 ) 

10 . 2( ±1 . 8 ) 
= 1 . 8 6 . 3 μm Ambient Indentation MTLT [47] 

12 . 9( ±1 . 6 ) 

2 . 9( ±0 . 9 ) 
= 4 . 5 17 . 5 μm Hydrated Indentation MTLT [47] 

30 . 2( ±4 . 1 ) 

17 . 6( ±1 . 9 ) 
= 1 . 75 1 . 8 μm Ambient Indentation 

Human 

[102] 

24 . 7( ±2 . 7 ) 

17 . 3( ±1 . 9 ) 
= 1 . 4 

24 . 7( ±2 . 7 ) 

9 . 2( ±0 . 6 ) 
= 2 . 7 

5 . 6 μm Ambient Indentation and 

orthotropic 

stiffness tensor 

model [103] 

Human 

[104] 

Elastic anisotropy values: E a 
E t 

; plastic anisotropy values: H a 
H t 

for indentation and σ y 
a 

σ y 
t 

for compression tests; all reported mechanical 

values are in GPa; characteristic specimen size calculated as 7 ∗ ( penet rat ion depth ) for indentation, pillar diameter for compression. 
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n the literature ( Table 2 ). This could be related to the fact that

e are testing bundles of aligned collagen fibrils in the transverse 

irection, a situation not encountered during macroscopic experi- 

ents, where the tested volume contains a variety of fibril orien- 

ations. It should be noted, however, that our setup is likely prone 

o sample surface swelling artifacts in hydrated conditions. Similar 

ehavior was already reported for hydrated ovine [ 32 , 38 ], bovine 

31] and MTLT [47] samples, where observed anisotropy ratios in- 

reased up to 2.5 times in comparison to dry experiments. Such 

nisotropic response to hydration might be a result of MCF struc- 

ural changes. As was shown by Andriotis et al. [92] , during single 

ollagen fibril hydration, the stiffness will exhibit a fourfold higher 

eduction in transverse direction than in the axial direction, due to 

he different collagen packing density. In micropillars with fibrils 

ligned in axial orientation, the surrounding fibrils enforce a con- 

traint on radial fibril swelling, therefore this effect is diminished. 

owever, in transverse specimens, the radial swelling of fibrils at 

he top surface is not inhibited, which could lead to substantial ar- 

ifacts in the mechanical measurements, as these surface fibrils are 

ikely to be significantly more compliant and, from a mechanical 

erspective, arranged in series with the remaining micropillar. 

In this work, the yield stress values measured in both ax- 

al and transverse directions ( σ y 
a = 329 . 97 MPa, σ y 

t = 131 . 63 MPa )

re higher than previously reported from macroscale compression 

ests [ 87 , 88 ]. When compared to experiments performed on the 
400 
ame characteristic specimen size (5 μm) on ovine cortical bone 

amella, the values are also higher than those from hydrated tests 

n buffered solution [32] but lower than the data obtained in 

acuo [38] . Overall, bone hydration is one of the important param- 

ters affecting bone mechanical properties [ 93 , 94 ]. In our study, 

he bone samples were measured in a humidified atmosphere, 

ith relative humidity above 93% to mimic physiological condi- 

ions. Prior to the measurements, samples were kept in a hydrated 

tmosphere for at least 4 h, to ensure the sample equilibration. 

e verified that the measured values of the elastic modulus and 

ield stress were constant within each day of experiments (see 

upplementary information F.2) therefore assuring that the spec- 

mens had reached an equilibrated hydration state prior to the 

easurements. We assume that the micropillar swelling affects the 

easured yield stress, as the micropillar geometry, used for stress 

nd strain calculations, was assessed prior to mechanical testing. 

or future mechanical testing it is recommended to estimate the 

welling effects on specimen geometry in humidified atmosphere. 

or this, high-resolution techniques, such as environmental SEM 

95] , atomic force microscopy [92] or SAXS [96] could be used. 

Remarkably, the yield stress values observed for the MCF ori- 

ntations from 0 ° and up to 25 ° are nearly constant. This was also 

eported for microscale tensile and compressive strength modelling 

f ovine cortical bone [34] . Such tolerance to the MCF small angle 

ariations is in line with the natural variability in MCF orientation 
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ound in different species [ 11 , 19 , 50 , 83 ], which could act as one of

he bone’s toughening mechanisms [ 97 , 98 ]. 

Besides MCF orientation, osteonal bone lamellation and overall 

ariation in biochemistry may affect microscale mechanical prop- 

rties of bone. In present study, the degree of mineralization and 

he mineral crystallinity did not show significant correlations with 

he mechanical data due to their small respective variations. How- 

ver, we found a weakly significant dependence of the observed 

echanical properties with variations of collagen/ NCPs relative 

oncentrations. Indeed, the spatial arrangement of NCPs within 

one matrix may determine bone’s mechanical properties includ- 

ng toughness [99–101] . It is therefore recommended to include 

lternative analysis methods for NCPs content and biochemistry 

creening for the future studies on bone microscale mechanical 

roperties. Moreover, structural inhomogeneity in the volume of 

 single micropillar may be introduced due to the lamellar struc- 

ure of osteonal bone. As was experimentally verified by Raman 

ine scans taken in several osteons on the bovine bone specimen, 

CF were highly aligned with the osteon axis with a standard de- 

iation of 7 ° (Supplementary information B.3) in contrast to the 

0 ° average variation, that has been observed in human secondary 

steons [50] . This suggests that the osteonal bone in our bovine 

pecimen consisted mainly of primary osteons with highly aligned 

CF uniaxially oriented in the osteon direction in each lamella. 

.3. Post-yield behavior and failure modes 

As demonstrated in this study, post-yield behavior and failure 

odes of bone micropillars depend on MCF orientation. Accord- 

ng to the stress-strain curves from the microcompression experi- 

ents ( Figure 4 A), a clear strain softening is observed for the MCF 

lose to axial orientation and strain hardening for transverse MCF 

rientations. The same was observed in previously reported mi- 

ropillar compression experiments on ovine cortical bone [ 32 , 33 ]. 

loser examination of the post-yield behavior ( Figure 6 ) revealed 

wo plateau regions of the relative change in stress ratio ( Eq. (5) ).

he first one corresponds to the softening observed at lower MCF 

ngles ( θ < 30 ◦). Interestingly, this plateau in softening ratio also 

oincides with the range of constant yield stress, demonstrating 

hat the inelastic behavior of bone lamellae remains mostly un- 

hanged for misalignment angles below 30 °. The second plateau 

t higher MCF angles ( θ > 50 ◦) resembles post-yield hardening be- 

avior. For the intermediate MCF angles, a steep change from soft- 

ning to hardening is observed, featuring a transition not only 

n the post-yield behavior, but also in the failure mode, which 

uggests a change in deformation mechanisms between axial and 

ransverse specimens. 

The structural complexity of bone leads to hierarchical and cou- 

led deformation mechanisms (fibril - extrafibrillar matrix, min- 

ral - collagen) down to the nanoscale [105] . A variety of fail- 

re modes occurred at θ ∈ ( 0 ◦, 50 ◦) . At the angles close to ax-

al ( 0 ◦ < θ < 25 ◦), MCF orientation is moderately aligned with the

oading direction and most of the load is carried by the fibrils. In 

his case, axial cracking along the length of the pillars ( Figure 6 A)

r localization at the top of the pillars (mushrooming, Figure 6 B) 

s observed. The proposed deformation mechanism that could be 

irectly tuned by the MCF misalignment with the loading direc- 

ion is the fibril-extrafibrillar matrix (EFM) interfacial sliding [100] . 

uch deformation occurs due to interface failure between fibrils, 

.g. axial cracking along the length of the pillars or mushrooming. 

imilar damage behavior for axially aligned MCF was observed in 

he work of S. Li et al. [87] . When the bone is compressed beyond

he yield point, critical interfacial shear strength between the fib- 

il and the matrix is exceeded. When this happens, matrix flows 

ast the fibrils, resulting in frictional losses and de-bonding of the 

brils and extrafibrillar matrix [100] . The thin fibril-EFM interface 
401 
hen flows past the fibrils, resulting in frictional losses, similar to 

he shear lag model for tensile loadings [ 106 , 107 ]. 

With the increase in MCF angle, localized shear cracks are ob- 

erved. Interestingly, at the lower angles of MCF, the shear plane 

as steeper than at higher angles, which suggests the existence of 

 correlation between the MCF and shear plane orientations. This 

s in line with the notion of fibril-EFM interface failure for angles 

elow 50 °. For MCF orientations θ > 50 ◦, the main failure mode 

ccurring in this work is homogeneous deformation. We believe 

hat when the MCF angles reach the softening threshold of 48 °- 
4 °, the shear load applied to the tilted fibril-matrix interface is 

ot sufficient to cause deformation in localized shear zones, due to 

he high normal force and, therefore, an increased frictional com- 

onent. The deformation is assumed to happen in the extrafibrillar 

atrix and homogeneously spread throughout the pillar volume, 

hich is compacted so that frictional hardening occurs. Moreover, 

he nanogranular friction from mineral-mineral interparticle inter- 

ctions may additionally influence the post-yield bone deformation 

echanisms, especially in compression. As was shown in the work 

f Tai et al [108] , at the nanoscale, bone exhibits a pressure sen-

itive plasticity. Similar to other nanogranular materials, bone fea- 

ures a nanoscale porosity [ 109 , 110 ], which leads to a plastic con-

raction under compressive loading. This, together with the fibril- 

xtrafibrillar interfacial sliding, would lead to a cohesive frictional 

liding with tunable softening/hardening behavior depending on 

he shear flow instabilities. 

.4. General limitations 

The techniques used in this study analyze different volumes of 

nterest. qPRS provides structural and compositional information 

rom ~0.3 μm 

3 volume. For both MTLT and bovine cortical bone 

amellae, such volume would include several MCFs. At the same 

ime, SAXS beam size at sample position was about 400 μm in 

iameter, which integrates over thousands of MCFs. However, we 

ould combine these two techniques on the MTLT sample because 

f its extremely aligned ultrastructure, made up of densely packed 

CF, therefore locally and globally the orientations are highly cor- 

elated [45–47] . 

In this study we combined qPRS and micropillar compression 

n bovine cortical bone samples. While qPRS gives structural in- 

ormation on the length scale of several MCF, the latter provides 

echanical data on the lamellar scale (characteristic micropillar 

ize 5 μm). However, we could show experimentally by Raman line 

cans taken in several osteons on the bovine bone specimen that 

CFs in primary bovine osteons are highly aligned with the os- 

eon axis (7 ° standard deviation) and that no plywood-like varia- 

ion in MCFs was present (Supplementary information B.3). It was 

urthermore verified that there is a clear correlation between os- 

eonal and MCF angles ( Fig. 3 B). This, together with the low scat- 

er in the collected mechanical data for different MCF orientations, 

uggests a well aligned MCFs arrangement as determined by qPRS. 

e therefore assume that the tested micropillars were made up of 

omogeneously aligned MCFs, which is corroborated by our find- 

ngs. In the future studies, when applying these techniques to a tis- 

ue with a more complicated microstructure such as human lamel- 

ar bone, care has to be taken to better match the tested volumes 

f the two methods, e.g. by scanning the focal spot through the 

icropillar and acquiring several qPRS measurements. qPRS was 

ot performed on each micropillar in this study because of the 

ncompatible specimen fabrication steps. In order to fabricate mi- 

ropillars on the bone surface the sample needs to be sputtered 

ith conductive material (Au, 11 nm), which reflects the incom- 

ng laser beam and therefore significantly decreases the spectrum 

uality. Therefore, MCF orientation was measured before micropil- 

ar production in each osteon. As we found that MCFs are highly 
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ligned and show little variation within an osteon, we could cor- 

elate the micromechanical properties to the average MCF orienta- 

ion. However, for future studies combining these two methods on 

ore complex tissues like human bone, another method should be 

sed for micropillar preparation. A suitable approach would be em- 

loying femtosecond laser ablation [111] , which does not require 

puttering of a conductive film and therefore results in specimens 

uitable for local qPRS measurements. 

. Conclusion 

The focus of this study was to investigate the effect of local 

icrostructure, especially MCF orientation, on the microscale me- 

hanical properties of isolated bone lamellae. In order to achieve 

his, a polarized Raman spectroscopy based method was devel- 

ped that allows measuring local MCF angle with an angular un- 

ertainty < 10 °. The combination of polarized Raman spectroscopy 

nd micropillar compression made it possible to detect changes 

n mechanical properties with the MCF angle. This allowed us to 

easure a unique spectrum of microscale mechanical compres- 

ion data for MCF orientations ranging from 0 ° to 82 °. We could 

emonstrate a strong dependence of the microscale compressive 

echanical properties of bone on the MCF orientations. On the 

ther hand, the degree of mineralization and the mineral crys- 

allinity did not show significant correlations with the mechani- 

al data due to their small respective variations. A high degree of 

nisotropy was found for both the elastic modulus ( E a / E t = 3 . 80 ) 

nd the yield stress ( σ y 
a / σ

y 
t = 2 . 54 ) . Moreover, the post-yield be- 

avior was found to depend on the MCF orientation with a tran- 

ition between softening to hardening at θ = 48 ◦ − 54 ◦. Measuring 

he local microstructural (such as MCF angle, mineralization) and 

echanical properties in a site-matched fashion allowed us to re- 

uce the apparent scatter in the collected mechanical data and to 

eliably determine structure-property relationships of bone at the 

amellar level. This is a prerequisite for developing and validating 

ultiscale models predicting bone failure in the future. 
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